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1. INSTRUMENT DEVELOPMENT 
1.1. Experimental Facilities in PR 3 
DR 3 is a 10 MW, heavy-water-moderated and -cooled reactor usinf 
highly enriched U 2 3 5 fuel. 
A vertical view of the reactor top i« shown in fig. 1. Experimental 
facilities in the heavy water are the four 4V holes (4" width) and the four 
TV holes (7" width). Furthermore, experimental facilities are available in 
the 2" central holes of the hollow fuel elements. Four horisontal 7" through-
tubes penetrate the moderator tangentially to the core. 
In the graphite reflector six 4VGK (4" width) experimental holes are 
located. 
1. 2. Previous Measurements 
The nuclear heat in one of the horizontal and two of the vertical 7" ex-
periment tubes: 7-TLA/4, TV) and 7V2, was measured from March I Ml to 
February 1 H 3 by means of a 25 mm o. d. isothermal gas-gap calorimeter. 
The aluminium sample contained an electrical heater for caUfcratton Pur-
pose« and was suspended inside the outer can by means of three 0. 2 mm 
constantan wires, which formed a thermocouple together with the copper 
leads from the calorimeter to the ins tram entatioii. These leads and those 
for the heater were passed in ceramic capillary tabes, through a 10 mm 
aluminium tube to me cntaide of the reactor. The construction was rather 
fragile, and the calorimeter was therefore difficult to handle. Many faults 
occurred, and as the results obtained in 7V1 aad 7V2 were in rather bad 
agreement with those obtained in other "PLUTO"-type reactors, the meas-
urements were stopped in February 1 »62. 
An adiabatic calorimeter developed at DR > was used for a single meas-
urement in 7V2 la March 1662. This calorimeter contained, a copper sampl«, 
insulated with mineral wool against the 27. 5 mm o, d. alumixoton can. The 
temperature in the sampl* was measured by means of a t mm o. d. etain-
less-steel-shsstbed and mineral-insulated cromel/alnmel thermocouple. 
The result did not correspond with the results from the Isothermal calor-
imeter mentioned above, »or with those from other "FLui'iy-typw reactors. 
AU nuclear-neat measurements were therefore stamped, and a literature 
study was started in order that more reliable oalortraeter types, suiting the 
operating and space conditions of DR t might be rfestgmd. 
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1.3. Design Considerations 
The nuclear heat in the core region was estimated to be a few W/g. 
Previous measurements had shown that the nuclear heat in the experimental 
tubes outside the core was in the range 10 - 500 mW/g. 
The access to the Mk. II fuel elements is through the T. 8 mm i. d. flux 
scanning tubes, which are mounted on the concave outer side of the fuel 
element box. Mk. HI and Mk. IV elements which are not occupied by rigs 
are normally equipped with flux scan rigs carrying a tube similar to that of 
the Mk. n elements. 
For access to be gained to the experimental holes outside the core, new 
plugs had to be constructed. Thus the choice of dimensions was independent 
of the existing equipment in that case. 
It was therefore decided to construct a calorimeter with an accuracy 
better than 5% for measurements in experiment tubes. The small tube size 
in the fuel elements impeded the use of that calorimeter in these, and a 
simpler type therefore had to be constructed. In order to obtain the best 
possible accuracy with this simpler calorimeter, equipment for intercalibra-
tion of the two types in a Mk. Ill element was made. 
1.3.1. The Adlabatic Vacuum-Gap Calorimeter A 25 
The most accurate of the calorimeter types known at the time was 
2-41 thought to be the adiabatic type described by Anderson et al. '. It was 
chosen as reference for measurements in experiment tubes, see fig. 2. 
The sample size was set at about 10 grammes as a compromise between 
the aims of obtaining a reasonable heat distribution and at the same time a 
small self-shielding effect. The outside diameter of the calorimeter was 
set at 1". Optimization calculations of the sample diameter as shown in 
ref. 24, taking into account that a thermal sheath had to be placed inside 
the outer vacuum can, gave an outside diameter of the sample of 13 mm. 
The heaters on the sample and on the thermal sheath had to be made of 
materials which would not essentially affect the measurements either by 
Y-shielding or by secondary heat arising from nuclear processes in the 
heaters. 0.2 and 0.3 mm CrNi wires were chosen for the heaters on the 
sample and on the thermal sheath respectively. 
As it is desirable to balance the sample and thermal-sheath tempera-
tures within 0.1 °C during the calibrations as well as the measurements, the 
thermocouples had to be made with insulated junctions. This would give the 
best protection against creep currents and potentials from voltage drops due 
to false earth or return currents in the heater circuits. As the response of 
7 -
Figure I 
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a cromel/alumel thermocouple to 0.1 °C is 4 uV, and several volts is led 
to the heaters, ruite a lot of fault possibilities are hidden in this detail. 
The temperature range and the demand for radiation constancy of the 
calorimeter did not allow other electrical insulation than ceramics. The 
heaters were laid in a cement consisting of Al^O, powder in sodium silicate. 
All electrical connections had to be made by twisting the wires and pressing 
a copper capillary tube on the connection. 
Silver brazing could not be used in the construction of the calorimeter 
as the brazing flux contains boron, which is an a-emitter when irradiated 
in the reactor. The heat generation due to (n, a) processes is very great, 
and even very small amounts of a-emitting material in the calorimeter 
structure will lead to erroneous results. In ref. 22 the heat generation due 
to the (n, a) reaction for boron is calculated to be 1.6 kW per gramme of 
boron in a thermal flux of 10 n/cm sec. 
The thermal conductivity X of the residual gas in the vacuum gap be-
tween the sample and the can is dependent on the gas as well as on the va-
cuum. The most suitable gas was found to be CO, with a value of Xatm * 
3.3 • 10 cal/cm°Csec. 
During the evacuation of the gas space the thermal conductivity remains 
fairly constant as long as the mean free path of the gas molecules is small 
-3 compared with the dimensions of the apparatus. At 10H (1» » 10 Torr) 
absolute pressure the mean free path of CO, is 3.2 mm, which is close to 
the width of the gas gap. Below 10|i the thermal conductivity of the gas 
decreases proportionally to the pressure, and a pressure of 1 it or less in 
the calorimeter is therefore desirable. 
This necessitates a very tight outer can, and a long time of vacuum 
pumping is required to bring the gas molecules out through the supporting 
Al-tube and rubber hose. The inside diameter of the Al-tube and the rubber 
hose will be about 8 mm, but some of the space will be occupied by the three 
thermocouple cables and the two heater cables. This will reduce the effec-
tive diameter to about 5 mm, and the pumping rate may be estimated at 
„ f2* d3 „ . .„ 0.53 ~ . 3, 
S « V - • " " 0.418 — - « 1 cm /sec, 
llfpj 1300V 0.001977 • 0.102 • 10"5 
where 
d * effective.diameter of tube and hose 
1 • length of tube and hose 2 Pj = specific gravity of gas (C02) at t dyn/cm 
S • volume removed per sec at the pressure existing in the 
calorimeter. 
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As the total volume of the calorimeter is about V * 36 cm , the pres-
sure will decrease according to the equation 
* • V - ¥ • po 0 - TO>* 
if the system is completely tight. This is not possible in practice, and as 
the rubber and aluminium surfaces need time for degassing, too, several 
days of pumping are needed. 
If a vacuum of 1 a is obtained, the thermal conductivity of the gas is 
reduced to 
Ktø » 3.3 • 10"6 cal/cm • °C • sec. 
The heat conduction through the gas gap is then 
K » 3.3 • 10 8
 2
 • " • ^ 1.80- 10"4cal/°C- sec. 
where dj and d, • inner and outer diameter of the cylindrical gas gap and 
1_ « length of sample. 
The heat conduction along the four thermocouple leads and the two heater 
leads will be, approximately, 
n .2 
K- « 6 • 2 •£-»-— - 1.51 • 10"* cal/°C • sec. 
» i f H i W 
The heat conduction through the mica pieces which support the sample 
can be calculated on the assumption that four of the eight corners of the 0.4 
mm mica plates touch the can in an area of 0.4 x 0,5 mm. 
The heat conduction is in general 
Q * X • £ • AT * ^ AT, 
where A • cross section 
AT • temperature difference 
X • conduction length 
X • specific conductivity of 
mica » 3.3 • 10" cal/cm • 
°C- see 
and M • -jg is the thermal resist-
K^IXli. 
- 1 0 -
For the differential length dx we have (thickness of mica * t cm) 
dM * L , I , | , . giving a total thermal resistance of 
„ . 1 r2 dx . 1
 m
 x2 
M
 • -raj — -ror ta3r • 
The total heat conduction through the four mica corners is then 
K,^ = ^ - • 4 = 4.94 • 1 0 - 4 cal /°C • sec. 
*2 
where x , i s the gas gap width: x , = 0.3 cm, and x, • - i — . 
The total heat conduction from sample to can is therefore 
K « K + Kj + K^ = (1.60 + 1. 51 + 4. 94)10"4 = 
8.05 • 10"4 cal /°C • sec = 3.37 mW/°C. 
In order to keep the error from this heat conduction below 0.1 % at a 
nuclear-heat rate of 100 mW/g Al, the delta temperature between sample 
and can should be kept below 
A T - W y ' " P . «•' - 100- 10 .
 1 n -3 » n m°r iTmax K -*- TOT " 3.37 0 ° -3 0 c» 
where M * mass of sample. 
The calculation of the gas-gap heat conduction shows that operation of 
the calorimeter with the gas at atmospheric pressure would increase the 
error from the heat conduction by a factor of about 3 . 
1 .3 .2 . The Isothermal Rod Calorimeter 16 
The difficulties in supporting the sample in a calorimeter with an out-
side can diameter of only 6 mm led to the choice of the rod type (see fig. 3). 
q 
In a cylindrical rod of a material with the density V g/cm and the 
thermal conductivity K W/cm • °C, placed in a X.-field with the heat de-
position q W/g, the heat balance 
-OSmm THERMOCOUPLE CABLE L S A M P L E RO O L. CAN 
t : -* J 
-ROO TIP T/C 
-HEATER 
-HEAT SINK T/C 
SUPPORT TUBE 
ISOTHERMAL ROD CALORIMETER 
TYPE J6 
MATERIAL: AL2S 
- 1 2 -
A CTF 
O - Qy + Qj can be written 
I i 
-U-
*r_ 
-J 
fit- tui 
q - V - A - d x - K - A - - ^ . 
Expansion of the left side according to 
the Taylor formula gives 
-K- A - (-
dT d'T d3T. 
-dx + 
dx' ox' 
dT 
q - V - A - d x - K - A - -^- . 
h-®f 
If we exclude the terms of higher order, this can be reduced to 
dx* 
dx = q . V - dx 
dx • # • 
At the free end of the rod Q. = 0, and therefore 
dT_ 
. . V - A - dx = K- A- sr-
dT 
This gives the rim value for j _ * at the free end of the rod 
dT 
x 
S" • 0 for dx - 0. 
dT 
By the substitution of Z for -r*- we get 
Z 
I 
z„ 
/
r X OX 
ZdZ - - 3% J dTx , and as Z 0 » ( - g f >x„0 • 0, To 
we have 
„2 . 2qV Z
 • T F I W ( I ) 
- 1 3 . 
The temperature along the rod will men follow the equation 
Tx-To-S» 2 - » 
The main disadvantages of me rod-type calorimeter are 
(a) the heat loss trom the rod to the can throngs, the gas gap; 
(b) the difficulties in measuring the correct temperature at the fixed 
end of the rod. 
In order to reduce the error from (a) the temperature difference between 
the rod ends should be kept as small as the sensitivity of the instrumentation 
allows, i. e. about 20°C. The length L of the rod is men determined by 
eq. (2) at 
T0 - Tx - 20°C 3: L "^ j.T j ' j * (20) « 4.5 cm. 
The heat transfer through the gas gap could be reduced by cremation, 
but as continuous pumping would be impossible because of the small dimen-
sions of the connecting pipe, and as the liglilmsi of s sealed system was 
thought to be insufficient to keep the pressure at J» , ft was decided to hare 
the gap filled with gas at normal pressure. 
The heat transfer through the gas gap is flam 
Kg- A ^ x - v - ^ - s / ^ - « ' * « -
° ""af ^ • 
3Kbg£ 
As thUUS% of the estimated nuclear heat inrtfcssampU, itwasfaaad 
advantageous to provide for a possibility of iiaHhiallng Kis »stortoietai* s»g. 
by Installing an electrical heater, which to .able to sjwslste toe antfan* 
- 14 -
distribution of nuclear heat in the rod. The heater of the best shape would 
be a thin, cylindrical one along the entire length of the rod. 
1.4. Constructions 
1 .4 .1 . Construction of Type A 25 
A number of technological difficulties made the first attempt to construct 
this type less successful. The experience gained i s briefly resumed in the 
following. 
The supporting mica rings between the sample and the can were made 
in such a way that the thermal resistance was at its maximum. This re -
sulted in a rather fragile structure as the mica tended to split into a num-
ber of layers already during the preparation. One of the rings burst after 
a few days' operation, and the sample moved sideways by degrees at the un-
supported end (see X-ray photo, fig. 4a) until it touched the can after seven 
months' operation. Then the calorimeter had to be scrapped. 
The next model, A25/2, was made with rectangular mica pieces, two 
at each end of the sample (see fig. 2), pinched in grooves in the sample and 
touching the inside of the can only with their corners. 
It is desirable to reduce the mass of the calorimeter structure outside 
the sample as much as possible in order to minimize the errors from radia-
tion produced by nuclear reactions in the structure. This raised problems 
of vacuum-tight welding of the outer can, which had a plate thickness of only 
0.5 - 1.0 mm. Three weldings were necessary to ensure that the rolling 
directions of the blanks were parallel to the blank surfaces BO as to give the 
best vacuum tightness. The closing of the last welding seam was difficult 
because of a small overpressure inside the can produced by the welding 
heat. The next model, A25/2, was therefore provided with a small tube in 
the bottom plate for equalizing the pressure. When the seams had been 
welded, this tube was closed by pressing and welding. The big mass of 
aluminium at the upper end of A25/1 which can be seen in the X-ray photo 
fig. 4a i s a result of an unsuccessful welding. Unfortunately it contributes 
significantly to the secondary heating from the structure. 
Another problem in the calorimeter construction was the connections 
of the thin wires from the heaters and the thermocouples to the leads of the 
mineral-insulated cables connecting the calorimeter to the instrumentation. 
A point-welding technique was tried, but without success . Better results 
were obtained by flame welding with thin copper wire as binder. Fluxes 
could not be used on account of their content of boron. However, the re -
- 15 
Figure 4 
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producibility of the connections made by flame welding was not sufficient as 
the content of slag varied too much in the junctions. A method of copper 
plating the twisted wires was found to be the best Bolution although junctions 
made in this way are of course more sensible to corrosion, which may re-
duce the in-pile life of the calorimeter. 
In the first model the can thermocouple hot junction was mounted by 
caulking the end into a hole drilled slantwise in the can. During the instal-
lation in the vacuum jacket and guide tube the thermocouple had to be bent 
and twisted so that its end was by and by loosened and the thermal contact 
with the can thus reduced. This was avoided in the second model by making 
the heater can eccentric and drilling the thermocouple pocket axially where 
the can Bide was thickest. 
1.4.2. Construction of Type J6 
v The main problem in this calorimeter type was the construction of a 
heater small enough and sufficiently robust. 
In the first two models the b :ater was wound round the sheath of the 
thermocouple which measured the temperature of the free end of the rod. 
The heater was insulated from the rod and from the thermocouple sheath by 
means of AlgOg-cement. 
The first model broke down after only one in-pile irradiation owing to 
bad heater connections to the cable ends in the calorimeter head. 
The next model had an eccentric heater hole in order to give more space 
for the heater connections and the heat-sink thermocouple. A "collar" on 
the calorimeter head was to prevent movements of the cable ends when 
pressed round the cables. Furthermore the heater-to-cable connections 
were soldered and copper-plated. 
In spite of these precautions, the calorimeter did not work for more 
than two irradiations. Presumably the very small dimensions and the 
limitations in the choice of materials made this construction method unreli-
able. 
Therefore the third model, J6/S, was supplied with a prefabricated 
heater made by swaging a 1 mm o. d., mineral-insulated heater cable with 
two cores of NiCr down to 0. S mm o. d. in the outer 43 mm of the cable, 
i. e. the part inside the calorimeter rod. The two NiCr wires were welded 
together at the end, and the weld was insulated from the inconel sheath of 
the cable. 
By the swaging from 1 to 0.5 mm outer cable diameter the cross sec-
tion of the NiCr wires was reduced by a factor of 4. Hence the electrical 
- 1 7 -
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resis tance and thereby the electrical heat generation per cm cable would be 
increased by a factor of 4 . Thus the swaged end of the cable would work as 
a heater, and sti l l the heat generation in the r e s t of the cable would be r e a s -
onably smal l . 
X- ray photos of the third model a r e to be seen in fig. 5. 
The composition and pressure of the gas between rod and can should be 
as constant as possible. Therefore experiments were car r ied out to find a 
method of making a leak-tight assembly of rod and can. The best solution 
was to turn grooves into the heat-sink end of the rod and p ress the can uni-
formly from outside down into the grooves. 
The closing procedure was checked by means of dummy ca lor imeters . 
The tes ts were carr ied out by mass-spectroscopy methods in a vacuum of 
10" 4 |» . 
The cable to the heater of 16/1 was 1 mm c romel /a lumel thermocouple 
cable, which was the only one available in this smal l dimension at that t ime. 
Later on a 1.5 mm o. d. cable with two copper wires mineral insulated in a 
copper sheath was marketed, and was used in the second model 16/2. 
The thermocouples were 1.0 mm Cr /Al in J6/1 and J 6 / 2 . In J 6 / 3 , 0 .5 
mm Cr /A l thermocouples were used. 
1.5. Instrumentation 
In order to maintain a temperature difference in calorimeter A 25 b e -
tween sample and can not exceeding 0.1 °C during a measurement run, heat 
must be applied to the can as a compensation for that which disappears to 
the surroundings. The necessary heat i s roughly estimated at about 20 W. 
An amplifier chain capable of delivering an output of 20 W at an input 
of 4 |iV, which is the thermocouple signal from 0.1 °C temperature differ-
ence, was designed. 
A block diagram of the units chosen i s seen in fig. 6. The t ime con-
stants of the chain a re settled by the filter between the "Knick" amplifier 
and the M-line t ransmit ter and by the feedback coupling of the GR-f p r e -
amplifier. The stability of the loop can be controlled by the integration, 
differentation and proportional band setting knobs on the controller unit, 
which is coupled to the recorder and set-point unit. 
The output amplifier GR13 delivers 20 W at 20 volts . The res is tance 
in the heater circuit was therefore set at 20 Q. The calibration heater on 
the sample was connected to a circuit as shown in fig. 7. In order to keep 
a constant heat deposition at varying calibration temperatures , the sample 
1 
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heater was coupled in series with an external resistance to a constant-
voltage generator as shown in the diagram. The heat deposition on the 
sample is 
Fig. *.S.f.l 
W= r 1 2 = (R+r)' 
and it should be constant when r varies 
with the temperature, i. e. the slope 
dW 
•ar 
UZ(B-rf 
<R+r)2 
should be zero, which happens when 
R = r. 
The temperature coefficient of the CrNi heater wire is 0.014% per C. 
In calibration run from 25 to 225°C the resistance will vary from say 
20.000 Q to 20.681 D, and the power variation will be 
w% * (W25-W22S)100 = ( 20'00° g 
« * « (R+20.000r 
20.340 0 R = . 20.000 + 20.681 
20.681 
(H+20. 681) T
 V • 100 • 0.012% 
and U • 40 volts. 
The temperature rise rate of the adiabatic calorimeter sample was 
recorded by a Graphispot GRD-4 recorder, which is of the mirror galva-
nometer type, in which the recording-pen sledge follows the galvanometer 
light spot hitting photocells on the sledge. 
As this recorder type has a low internal resistance, the demand for 
maximum sensitivity necessitated the 
design of a special backed-off power 
circuit. With the symbols used in fig. 
1.5.1.2 the following deduction may be 
made: 
The backed-ofi power current 
E . - X - i 
-rprr 
flf.lMl reduces the T/C voltage: 
- 2 2 -
2 £ * X 
E = ( r y + r i ) i + X( l + i ) - ( r y + r i + X - - ^ ) i + - ^ 
and the instrument reading will be 
1 , ' i e = i • r. « (E - E A r B 
1 + T T * y * r i * 
If E • E + AE, and X i s set so that 
? • ' 
*"
 =
 ^A ^r— ' * ° e «*P r e Bsion for e will be 
e - AE 
r y + 
i 
r i + 
r B 
r B 
• X 
T"X 
The maximum backed-off power should correspond to about 250 C, i. e. 
E ^ 1 0 mV. With a battery voltage E . » 2 V we have 
E max . 0.010 .
 n „ . X - X „ v / / . 
—m = — » — • 0.005 =
 v i - — as X « r „ . 
E A 2 X + r B r B B 
The presence of X must not alter the sensitivity of the recorder more 
than 0.1 %. This demand determines the value of r_ and X because 
4+i 
As r • 140 0 
and r. « 22 0 , we have 
o.i . ( 2 L _ _ n ^ T r ) i o o 
1 4 0 t 2 2 + 5B!nT-
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O : r_ - 221 C • 200 Q 
and X « 0.005- 221 - 1.105 0 * 1 0. 
The resistance X was controlled by means of a two-decade multiswitch 
because the contact resistance in a sliding rheostat was found to be too un-
certain. The resistance steps were 0.008 0, corresponding to 25% of full-
scale deflection on the recorder. 
The isothermal-calorimeter delta temperature was recorded by a Mose-
ley 680 M Strip Chart Recorder. The signal was amplified 1000 times in a 
"Knick" amplifier, type MV. By means of a stabilized voltage circuit the 
amplifier and the recorder could be checked frequently, see fig. 6. 
1.6. Handling and Supporting Equipment 
The A25 calorimeter was mounted on a 3.2 m long Al-tube, which 
served as connection pipe to the vacuum pump. The calorimeter itself and 
the nearest 1.2 m of the pipe would be radioactive during the measurements, 
mainly on account of activation of Al, Cr, 16, and Cu. 
It was therefore necessary to withdraw the calorimeter and the sup-
porting pipe into a "flask" which bad an effective shielding round the lower 
part. The flask was to cut the beam from the open 25 mm hole sufficiently 
down and shut off the beam when measurements were stopped. The shielding 
thickness would be of the order of 30 cm, and it was decided to split the 
shielding into two parts: a 10 cm shield in the flask and a 20 cm movable 
shield. If all the shielding had been built into the flask, the accessibility 
of the neighbouring experimental facilities would have been too limited. The 
flask arrangement is shown in fig. 8. 
The vacuum connection between the Al-tube and the vacuum pump was 
established by means of a hose which was led round a wheel at the top of 
the flask and down through a drive gear on its side. By means of this gear 
the calorimeter could be moved up and down. 
In the upper position the calorimeter is hidden in a magazine, the bot-
tom of which can be closed with a 10 cm thick cast-iron shutter. When the 
calorimeter is in measuring position in the reactor the 25 mm beam through 
the flask is attenuated by a TOO mm long lead cylinder mounted round the 
top of the Al guide tube. 
The connection between the guide tube and the vacuum hose is a lead 
plug, in which the thermocouples and beater wires are connected to a soft 
cable moving along the vacuum hose inside the flask Thus the lead stag 
contains the cold Junctions of the thermocouplM.' 
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The position of the calorimeter relative to the horizontal core centre 
plane i s read by means of a periscope on a scale painted on the Al guide 
tube. 
The corrections to the Y-heat originating from the n f and n^ . fluxes in 
the experiment holes are determined by flux scans in the experimental 
tubes made through a flux scan hole in the flask-magazine wall. The calor-
imeter has to be in the magazine during flux scans, and the shutter must be 
placed in an intermediate position. 
A special plug has been made for each of the three types of experiment 
holes: the TV, the 4V and the 4VGR-holes. 
For measurement of the nuclear heat just at the centre of the facility, 
guide-tube thimbles are inserted from the top of the plugs to the bottom of 
the experiment holes. The thimbles are perforated as much as possible in 
the part where the measurements take place, for the purpose of minimizing 
the corrections for secondary Y-radiation from nuclear processes in the 
surroundings of the calorimeter. 
The perforations connected the atmosphere in the experiment hole with 
that in the thimble and the flask and made it necessary to have a tight systez 
from the experiment liner to the flask and from the top of the flask to the 
movable vacuum hose. It was made by insertion of an intermediate plug be-
tween the beam plug and the flask. All connections are O-ring sealed. The 
top of the flask, including the vacuum-hose wheel, i s sealed by a welded 
plastic cover, flanged to a flexible hose, the other end of which i s sealed 
to the outside of the vacuum hose. The COn pressure in the flask and the 
experiment hole i s controlled by a reduction valve to about 2 mm Hg above 
the atmosphere. Water locks secure the system against pressure varia-
tions due to temperature changes in the experiment hole. 
The J6-type calorimeter is operated by means of a gear plug placed on 
the top of the fuel-element plug (see fig. 10). Two rol lers move the calor-
imeter into and out from the core. By means of small cams on the calor-
imeter wires and a microswitch activated by the rol lers , the calorimeter 
movement is stopped for a pre-set time for measurements in selected posi 
tions. The scanning of fuel elements i s automatic and lasts about two hour 
The calorimeter is led to the gear plug through a plastic hose and a 
shielded guide tube in the "top void", which is the space between the upper 
side of the fuel-element plug and the top plate. 
The gear plug can be moved during full-power operation from one fuel 
element position to another. To allow the movement the calorimeter i s 
withdrawn to the shielded guide tube, and the plastic hose i s disconnected 
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from the gear plug. 
The gear plug is shielded with 5 mm borax plate and 10 cm resin and 
lead. 
2. SEPARATION OF NUCLEAR-HEAT DOSE-RATE COMPONENTS 
2.1 . Introduction 
2 .1 .1 . Survey of the Components 
The nuclear heat released in a piece of material in a reactor consists 
of several components, which may be listed in groups as follows: 
(A) Fission-Y 
(B) Decay-Y and -p from fission products 
(C) Capture-Y from nuclear reactions in the structure of fuel 
elements, control absorbers, experimental tubes, rigs and 
loops, coolant, moderator, reflector, and reactor tank 
(D) Decay-Y and -p from nuclei created by the reactions mentioned 
under (C) 
(E) Capture-Y from nuclear reactions in the material itself 
(F) Decay-/ and -p from nuclei created by the reactions mentioned 
under (E) 
(G) Elastic scattering of fast neutrons 
(H) Inelastic scattering of fast neutrons. 
2.1.2 . The Ideal Dose. The Position Dose. Diacussion 
The I. C. R. V. convention ' defines a dose named KERMA (Kinetic 
Energy Released in Matter) as the dose when the primary radiation is not 
attenuated and all the secondary radiation is absorbed in the material. 
Linacre and Thomas ' distinguish between the ideal dose, identical 
with the KERMA defined above, and the true dose. They define the primary 
radiation as the radiation incident on a sample, directly or indirectly ion-
izing, and the secondary radiation as the charged particles formed in the 
sample in its interaction with the primary radiation. The modified primår; 
radiation resulting from this interaction they refer to as the scattered radi 
ation. 
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If the results of the measurement of nuclear heat is used for estimation 
of the total heating in a rig or a structure element in a reactor, it is more 
convenient to split the dose-rate component in another way. The rig de-
signer primarily wants to know the unperturbed radiation heating in that 
position in the core where he intends to install his rig, and to this figure 
which is mostly characteristic of the position, he will add a calculated cor-
rection dependent on the materials of the rig. 
The sum of the "position dose rate" and the "material dose rate" is now 
equal to the "true dose" as defined by Linacre and Thomas. The partition 
into position dose rate and material dose rate makes it possible to supply a 
set of heating rates based on the position dose rates for the experimental 
facilities of a certain reactor. These position dose rates are only dependent 
on the reactor power and the core configuration. 
Referring to the list of radiation components in 2.1.1, we see that the 
position dose rate comprises the radiation doses A, B, C, and D, while the 
material dose rate accounts for the doses E, F, G, and H and the per-
turbation corrections to the position dose components. 
The results of measurements of nuclear heat by means of the calorim-
eters A25 and J6 include the position dose rates as well as the material 
dose rates belonging to the specific calorimeter. In order to obtain the set 
of position factors of nuclear heating one must calculate the material dose 
rate components and perturbation corrections and subtract them from the 
measurement results. These calculations are carried out in the following 
part of section 2. 
Some of the calculations can be verified by measurements. A few meas-
urements of this kind have been made and more planned. The results and 
the comparisons between calculated and measured components in the dose 
separation will be issued later. 
The correction calculation methods used in order to obtain the position 
dose rates from the calorimeter measurements are applicable also when a 
rig designer wants to calculate the true dose for a specific rig in one of the 
experimental facilities. The correction calculations are therefore de-
scribed in detail and a guide for the utilization of the results for prediction 
of nuclef r heat is given in section 4. 
2. 2. Thermal Neutron Capture 
2. 2.1. Thermal-Neutron Capture in the Structure 
With an absorption cross section of an isotope constituting a part of a 
component in the calorimeter structure of 
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M q i - ° a i - ° - 6 0 2 2 . . . 
—a r^ c m . (*) 
where 
M . - the mass of isotope "i" in the structure component q (grammes 
• . - the microscopic thermal-neutron absorption cross section 
(barns) 
24 0.602 • Avogadro's number in units of 10 
Af s atomic weight of the structure material, and at a thermal-
•th 
n 
neutron flux of » ^ n/cm sec, the capture-Y source strength i 
h° S a i - ' t h - E b i - <5> 
'where E.. is the mean binding energy released by thermal-neutron capture 
in the isotope "i". 
Only a fraction of this source strength 
hits the sample, which only absorbs a fraction dependent on i ts linear en-
ergy-absorption coefficient |i .. Index "i" indicates that the |i -value cor-
responds to the level of the binding energy of the isotope "i". 
Hence the heat in a mass unit of the sample due to capture-Y from the 
calorimeter structure is 
9 I 
AWCSt - VL, I I « V V >eai> MeV/sec- g. (6) 
where Q is the number of structure components, and I i s the number of 
isotopes present in the structure. M p is the sample mass. 
In numerical calculations it i s more practical to rearrange eq. (6) and 
convert MeV/sec into watts: 
9 
0. 602 T2-TC I I<VMqi-Tr-Ebi->eai>W /8 
^ qH i=1 l 6 . 2 4 - 10 
* — i i - i i q»I i»1 
(7) 
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The geometry factor Ggt will be deduced for cylindrical geometries 
concentric to the sample and for plane structure elements perpendicular to 
the sample axis. 
2.2.2. Geometry Factors 
(a) Cylindrical Elements. It is assumed that the cylinder axis equals 
the sample axis. The cylinder Y-source strength is S monoenergetic photons 
per sec. If the cylinder mass were concentrated in a thin, cylindrical tube 
with radius R equal to the mean cylinder radius, the number of photons 
expelled from a ring with the axial length dx that hit a disc of the sample 
is (see fig. 2. 2.2.1) 
& 
s; 
!? 
I . * . 
U — 
>) 
Si 
V 
*. 
* 
+ 
* 
* 
X 
-i 
-U 
^ 
Sax 
where a is the distance to the centre 
of the disc and A is the approximate 
apparent disc area seen from the 
cylinder ring: 
2 
A • * r sin v . 
As the distance travelled in the disc by 
a photon penetrating the disc centre is 
dl/sin v, the energy deposition in the 
disc is 
Sdx dl 
sin v ' 
rigUU. 
where w is the linear absorption coef-
ficient of the sample material for the 
energy of Y involved. 
As dx • adv/cos v 
and a « R/cos v, 
the total energy deposition in the sample of gammas from the cylinder shell 
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1 2 
S • G » f f * ' r • B l n v ' S • R/cos v • dv • a • dl „» 
*_ " 4it» (R/cos v) • (x_-x.)" cos v - s i n v 
L y , 
(9) 
2 1 
M
 v1 v1 
v, • Arc tg - j j — and v2 « Arc tg —JJ-
and the solution of the integrals is 
[(Arc tg -2j£-) dl * -R [ATC tg u dn • -R(u Arc tg u - 1/2 ln(1+n2)), 
where 
u =• 2 ^ . ; dl = -R du, 
the geometry factor becomes 
G =
 4(x -x . ) 'u l A r c ** u1 " u 2 A r c ** u 2 " *1 A r c *8 *| + *2 Arc *8 *2 
(10) 
<ui! + 1 ) ( t?+ 1) 
+ 1/2 In -i , , (u,Z+1)(t*+ 1) 
where 
X.-L x 2 -L x, x 2 
ui = - R - • u 2 = - 5 - • *i = ir» and 4 = i r -
If the cylinder shell is "long in both directions", eq. (6) becomes 
L + 1 
u« -^ > r s " f ril f rf„ c r S it n L 
"SG W ^ - x , ) J ^ J , dv 4R(x2-x,) • 
- SI -
Hence 
If the cylinder shell i s "long in one direction" only, eq. (6) becomes 
£l*_ »SO - 4R^-\) 
L 1 
/ dl f dv. 
*1 
and by a similar deduction as before we obtain 
_2 . } • . 
4 (»~-»J <»i A « «8 », - t, Arc tg t, + 1/2 In -^ + *g ) . 
(12) 
(b) Plane Elements. This deduction 
deals with disc-type structure elements 
as shown in fig. 2 . 2 . 2 . 2 . The sample 
axis is perpendicular to the circular 
disc and passes through its centre. The 
disc thickness i s small compared with 
the distance to the sample. The disc 
Y-source strength i s 
t , . . 
Fif 2l.lt 
S 2 
— « - photons/cm sec. 
*R* 
The Y-source strength from a ring of the disc with the radius R and the 
radial thickness dR la 
2«RdH- 2S R - dR. 
«K. 
The number of photons expelled from this ring to a disc of the sample 
at the distance 1 from the structure disc is 
5^ iJ-RdR. 
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where the apparent area seen from the ring i s 
As the distance travelled in the sample disc by a photon penetrating the 
disc centre i s dl /cos v, the energy deposition in the disc is 
T 7 T cos v • 
« " •
 R o 
where f i s again the linear absorption coefficient of the sample material 
for the energy of V involved. 
As R - a sin v 
and dR - da/sin v, 
the total energy deposition in the sample from the plane structure element i s 
L, a, o 
, L2 JK£+12 , L2 
« : JL, 1 « ? h 
The solution of the logarithmic integrals i s 
/(lnl/RoJ+ l^Jdl » 1/2 /(ln(H02+ l2))dl = ^ln(RoJ+ l 2 ) -1+R Arc tg - i -
o 
/ i n 1 dl • ! • l n l - 1. 
Hence the geometry factor becomes 
2 / L , R 2 L , L. R 2 L. v G
 • TrTrU1"«^ + ,> t R 0^ c W-Trta«r:> +1> -»o^^ i r ) • 2R £ O l o O 
(13) 
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2.2.3. Thermal-Neutron Capture in the Sample 
If we use the same symbols and the same deduction as in 2.2.1, the 
capture-Y from thermal-neutron reactions in a unit mass of the sample 
itself is 
AWCSp = 0.65 " IC"'4 J * I {Ki ^ S L X,) W/2, (14) 
* i=1 
where X, = f(l» _* • 1) is the fraction of the released energy that is absorbed 
in the sample. This capture probability has been calculated for infinite cyl-
inders, slabs and spheres by Case, de Hoffmann and Placzek ', and a dia-
gram showing the results is given in fig. 14. The beet approximation of the 
sample geometry is a sphere with the same weight as the sample. The 
radius of the equivalent is 
*u 1 . 
where R and L are the radius and length of the cylindrical sample. 
2 .3 . Decay of Activated Nuclei 
2& 2 . 3 . 1 . The Decay-P Spectrum of Al 
On the decay of a radioactive isotope a number of s-particles and 
photons of different energies are expelled. The photons usually pos ess 
usually fixed energies, while the energy distribution of the p-particles is 
continuous. In the following the relative frequency distribution function 
28 
will be deducted. The fl-decay of Al is chosen as an example as alumin-
ium constitutes the most common element in the calorimeters. 
On the decay from Al to Si , p-particles and neutrinos of energies 
ranging from zero to the maximum energy: 2.87 MeV, are emitted. 
In relativistic units the number of p-particles expelled with the energy 
W • ^ffilffl + 1 (0 * E * 2.87 MeV) 
(15) 
N(W) » K- i)- W • q 2 , 
where 
K is an arbitrary constant 
1 is the momentum of the neutrino 
q is the momentum of the electron. 
34 -
Figure » 
• 3 5 • 
• n y - r y r y - r - p p m 
EU. ^ B ^ ^ s a j 
^ g g l l K J l i i g l l ^ ^ 
• - . ^ • ^ U # - ; L i P - : : L L 
•;••• ; . j ^ : : : :;ii M » i •:-;:: • n : ; ; : | - ; : : : i ; ; 
' • iiaiåK.mt^r'Mki 
i . . ;r:; •iplj j j j !! l i l : i ' i:i ; j:: : :-::l:;!i !;::|-;~ 
••• : : : ; ; ; : : ; | i i : | : l : ; i j ' ! ; l i l t v i l l i ! ! 
; ::|; :::: E:j: j . ; : j ; ! . ^ ; ; :::!.. | :jj:::}: 
!.-• .-:•!••:•...:;:;:::;;::: •. V.: :::: : : : - j : : : 
i -*?::;;; ::;:j:i: 
t- ::':': !; :-:!E!!:::.:::!: lili iil-llll ll;l!i/ 
if ' _| ;U.:: :C#: ilkP lie jlll i i p 
p 7M- . j - ^ : W i l C i p f : 
^ ' . .- i : : ;::;::•::: ::-: :;:; ::•; :::: -:=j :::: Mllf ;> 
. ::!' / I".' . • • l i :1 " - ; " ' |! n ;u,;;^ y .^ ^  
•^^T^l^Wlt" 
i • : - i /"--1"--: W^ -"i " 
! • • • ; • • / • • . • 4 - - - - ; : : • : = • • • : : : : : • • : ; . 
:. i 1 ••' i ' | : : - ; - i : ; : i : : 
:
 4La,ÆÆ|ra 
i i-^pppipy 
:.i 'TF a - ^ r r i : ; , ' F f l : 
fe- £å£ Éte £ a JhhåfB vLM Li 
•i-. : : p ^ *.;*/-:.: c:: ; i : . ^ I S :\ 
.• ' i . . * • •• ccji. 4 - -411. 1-illl:i!i; 144H1 
Siiifl jjiH am i2|ifi m^ i t t i i i i p IUM 
^ • ^ Z i i : - ^ s n i : ^ F ^ E t E : 
:l:i;:;; ;;•! ill! Il-ipl ;l" :lll ^ l - l Ei E E: E^EE:; 
IIEIIEilllllllliEliEIIE': i: EEEE E : ' ; 
•;!;;l!!:i:;::l:illlil:;;::: E' E[-;:':E 
j j l i f f 1 ! ^ H ^ ="• : : ' : : : : [ • ' • " •' ".'•'i'•'.'.: ~ '• '. 
'•'.'.1 -' : ^ L . " . . . ":.\::'r 
I:-:.-! I" ^: V : ; , . 1:1--1:1 i!:i! bpm '-
:;-;•;;:;;:::•:::- ST.- :: 1:1 :d::; ^hl;: : : : : 
Icl:.::: Ii.1.144 Jjt l = . 4 5 ccillc 1411 
:;i1 ::h::l-!!i;Nl!!!lN!!:M;:i:-;F: i:!!!::" i l : . 
::••• L - ! : ; . . ; . : : : : - . . ; : ^ ' ::• ]V\:-.- ' i i - p l 
t7l":'l"IFi" •:;:\:'W:\i 1A~7Tp!;:.:>::: :-TTr: 
::!!l::!:::- : ::l!i!:;Ai :.::|l:: l;:i:.:i;i:;: 
: '! • 'É.- n^i'ii \ : - ;:H :-: -•!••:: 
„x : : : l l , J : . ; é ' : : ¥ i : k : L : .iL 
'Ti" :::T"' !;.iiir; ":T'': 4 : : - " j " \ ' \4 " j' ; : ' 
::::!•:.• ::;:ri:i:;jiiij';:;i:::;:,-i:-" r: : ,-V•• 
-;h::rf';--;;|i:;-[ ^ - 4 ^ 
^:i:E^;;;:1;::::::i-i_:!E ! • ."t * 
"•4:. : : r ; " - : • • : r • i ' i : i : i 
&!•!"•:•::!,• r : h r - r \ •• 
i - i iv . • • : • . • • • • • • : : fi-tm 
•4--ri - | :444- r i ' - !"'• 
Figur* f 
"P*"^ . 
\ i — : : i - I : 
• . { J ; : : ^ : : : : 
j : i "• i'.!-::: '• 
:.!.;! :i:j:.::::;: 
••: \-[- i :; : jrv: "- : 
i : ! : : : ; ! ; ; • • • : • 
:;• :'.[ . • : ! - ' : 
fe:: 1:: 
. : ;:-. 
^;:-~F:::r 
4i444;: 
::- :i ! !:' 
• ' : - ; i 
T'i i|;:;-
Ci-'-:Ciiii::i 
: ! :• : ' i ' 
É*^ 
J , : : ^ - t . . 
; ; 4 •••• 
4-j i - f 
4 'M 
SL ; ' 
l 
::i-
i ffl 
i:;J 
:.::! 
: : : • 
: • : . 
li. 
;:: 
• : . 
..; 
• : : ; 
'•  
;:i: 
iC; 
:::: 
: ! ' • 
; • • 
:,. 
' 
• • 
'" 
_^ 
•j, .•Am 
- 36 -
As 
and q = WQ - W, 
(15) i s transformed to 
N (W) = K / W 2 - 1 • WtWQ - W)2. 
K i s determined by the normalization 
0 
(16) 
W o 
J N(W) • 1, where \ 
wo = -5tln + ' •6-6'6-
As 6.616 
^ = J V w 2 - 1 • w(wo-w)2dvr 
i 
* [ ^ / ( x 2 - 1 ) 5 + (^- ^W0x+ ^.W02) V (x2-1 )3 - ^ x l / x ^ l + £w o ta |x+ x 2 - l 
we find 
K
 " 377.27 
and in E - units 
« « . . . 1 . 6 . 6 1 6 - 1 . N ( E )
 377727 2.87 M T T ^ , 2E 5.511 
= 0. 07607 V E 2 + 1 . 0 2 ? E (E 3-5. 23 E 2 + 5. 31 E + 4. 21) . (1 7) 
The spectrum given by (1 7) is shown in fig. 12. 
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2.3.2. Decay of Nuclei Formed in the Structure 
After some irradiation time an equilibrium between the formation of 
Al28: 
Al27(n,Y)Al28, 
28 and the decay of Al : 
Al28 - * Si28 + P" + V 
will be obtained. 
28 The equilibrium concentration of Al is 
A =-£i. 
where 
28 £ » macroscopic activation cross section of Al 
a = thermal-neutron flux 
28 
and V.. • decay constant of Al . 
28 Thus the concentration of Al will rise according to the exponential 
function 
A,, = A0(1 - e - K A * T ) . (18) 
90% saturation is obtained after 
T = - o J g | , ln(l - 0.90) - 7.84 min. 
As the adjustment of the measurement equipment generally lasts about 
28 8 min, most of the measurements are made with an Al concentration 
close to the equilibrium value. 
The heat deposition in the sample due to decay of a thermal-neutron 
activated isotope "i" with k modes of 8-decay, is calculated by dividing 
each of the k B-energy spectra (see fig. 12) into ] intervals and finding the 
fractional contribution of the mean energy E. in each interval to the total 
energy release. The probability that the emission energy of a A-particle is 
within the interval n is 
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where N. is the p-spectrum ordinate: The number of ^-particles expelled 
per unit energy interval. 
Only a traction of these p-particles will be absorbed in the sample. The 
geometry factors deduced in subsection 2.2 .2 give the fractions of the total 
S-release that will be expelled in the direction of the sample. But a con-
siderable part of this energy will be attenuated by the structure element it-
self and by other structure layers in between the sample and the element in 
question. If the penetration probability is called b„., the total heat deposi-
tioa in the sample from p-decay in the structure will at equilibrium be (by 
analogy with 2. 2.1): 
f r /M. '« , , '« .« ! ' ! , . G v1 i v 
(19) 
q»1 i=l k=l j=l 
b„, is found by means of the following consideration: 
If m structure layers surround the sample inside the structure element 
in question, ^-particles from this element have to penetrate m + 1/2 layers 
on an average in order to hit the sample. The total effective thickness of 
the m + 1/2 layers i s denoted t. 
According to Glasstone ' the average residual energy of a B-particle 
having penetrated an aluminium layer of the thickness t i s 
E • Ej - 5.00 t - 0. 278 MeV, 
where the initial energy of the p-particle is E. MeV. 
Thus the penetration probability is 
E
„ i 
» s j - j ? - 1 - (5.00 t + 0. 278) • £ - . (20) 
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The thickness t is the mean distance travelled by the photons through 
the layer in all relevant directions, dependent on the sizes of the sample and 
the structure element. It the mean direction i s characterized by the angle 
v from the calorimeter axis, we have 
t = t c / s in v, 
where t is the perpendicular distance to the layer. 
By calculation of the heat in the sample from Y-decay in the structure it 
is assumed that the photons are not attenuated. In general, the decay of an 
isotope "i" i s accompanied by the emission of photons of several energies. 
The contribution from the k'th photon with the energy E. and the probability 
of occurrence N. when it bits the sample, which has a linear energy ab-
sorption coefficient 1 1 . at the energy E^, will be 
N k E k H e a k . 
Consequently the heat deposition in the sample from Y-decay in the 
structure will at equilibrium be (by analogy with 2 .2 .1) 
iW
°StY" 2 I( * 1'.„11-4 K^ea*))-
q-l i-1 * i *•** , u * k-1 
(21) 
F
 q-1 i-1 ^ k=1 
By combination of eqs. (19) and (21) we find the total heat deposition in 
the sample due to decay of activated nuclei in the structure 
4
» W t - « - » - ' « " U i j I i ( G s t M . t D i I N k ( I ^ W s j ^ V e a k ) ) ^ -
F
 q-1 i-1 k-1 i-1 
(22) 
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2.3 .3 . Decay of Nuclei Formed in the Sample 
The heat deposition in the sample caused by decay of activated nuclei in 
the sample itself is calculated as in subsection 2.3. 2 by considering the k'th 
mode of decay of the isotope "i". 
The ratio Xfc of Y absorbed in the sample to that released in the sample 
i s found as described in 2.2. 3. 
The corresponding ratio (1 -d) of p absorbed in the sample to that re-
leased in the sample is calculated by means of a computer code: BETATAB, 
P. 400. The p- spectrum is divided into a number of intervals, and the code 
makes summations of the losses of p-energy from all mass units in the 
sample through all space angles and in all p-spectrum intervals. The code 
deals with finite cylindrical shapes. A further description is found in ref. 53. 
As the BETATAB code computes the fractional loss denoted d of p-
energy from the sample, the energy deposition in the sample is expressed 
by (1 -d). 
By analogy with eq. (22) the total amount of heat deposited in the sample 
as a consequence of decay of activated nuclei in the sample can be expressed 
as 
I . „ - K 
^ D S D = 9 . 6 5 - 1 0 ' 4 ^ J ( - ^ i J! (1-d)Nk(|(NjA.E.)+EltXk)))^g. 
(23) 
v r
 i=1 * k=1 j=l 
2.4. Fast Neutron Reactions 
2 .4 .1 . Elastic Scattering in the Sample 
The mean energy transitio.. in an elastic collision of a neutron with the 
energy E and a nucleus with the mass number A is ' 
dwoo-fci - J M 4 ) = 1 E A _ 
2
 (A+1)Z (A+l)2 
Thus the heat generation by elastic scattering in a mass-unit material 
placed in a fast-neutron flux is 
i WScE " I • 7 ^ 7 3 / *<E)»s<E> E « • (25) 
(A+l J
 E ) 
It i s convenient to transfer the energy scale to a lethargy scale, defined 
by 
- 4 1 -
du = d (ln-j?) = - ^ . 
As 
a<u) du ' - *(E) dE, 
we have 
*(u) ' E*(E). 
Eq. (25) i s now transformed to 
u 2 
&WSce « 2N t j * (u)« s (u )du MeV/sec g. (26) 
(A+l) 
1 
14 2 
If *(u) i s in units of 10 n/cm -sec , *g(u) in barns and W in watts, 
we have 
u 
a W S c e " - J f ^ / • W g W * W/g. (27) 
The neutron spectra are shown in fig. 13. As the neutron spectra of 
DR 3 have not yet been measured, those in fig. 13 are based on Monte-Carlo 
calculations made by S. B. Wright for the British reactor PLUTO, which i s 
similar to DR 3 (ref. 1 8). The spectra are valid for fuel elements and 
dummy elements, i. e. elements with the same geometric shape as fuel 
elements, but without uranium. The dashed extrapolation of the lower part 
of the dummy-element spectrum is the estimated trace of the spectrum in 
experimental facilities in the heavy water outside the core. Below 0.5 keV 
(u B 10) the spectrum is close to a 1/v-spectrum where u i s constant. 
Fig. 1 3 also shows a pure fission spectrum given by ' 
S(E) • 0.484 • lO 1 4 • e"E • sinhrøji 
„14 -< E R- e " U ) S(u) - 0.484 • 10 1 4 e R sinh Y2 E R e"u (28) 
14 
This spectrum is normalized to 10 fission neutrons per sec as 
o ~ 
J S(u)du • J S (E) d E » 10 1 4 n/cm 2 
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The fast-neutron flux measurements in DR 3 are carried out by means 
of the threshold reaction 
2 8 N 5 8 « » . P ) 2 7 C ° 5 8 
with a mean activation cross section 
9 ° 0.01 7 barns 
defined by 
f« (E)S (E)dE « • ( S ( E ) d E . (29) 
o o 
Above 3 MeV (0 < u ( 1.2) the fission spectrum coincides with the fuel-
element spectrum (see fig. 13) as nearly all neutrons here are birth neu-
trons. Thus the *(u) function illustrates the spectrum of the flux produced 
14 2 
by the normalized fission flux 10 n/cm -sec . As, according to eq. (29), 58 the fission flux i s determined by the
 2 8Ni threshold reaction, the * (u) 
function consequently gives the spectral distribution of a fast-neutron flux 
measured at 10 n/cm • sec by means of a _„Ni foil. 
2 .4. 2. Inelastic Scattering in the Sample 
The energy of incident neutrons taking part in inelastic collisions in 1 
i WSci = 3 J*02' 'Si (E ) • E - d E M e V / s e c -B 
o 
or 
u1 
AWSci = °-3575 / * ( u ) "Si ( u ) d u W / g ( 3 0 ) 
o 
27 14 2 
for Al in a fission flux of 10 n/cm sec. 
No inelastic scattering takes place when the energy of the incident neu-
tron i s below that of the lowest state above the ground state. The excited 
nucleus may expel one or more neutrons or a proton, a deuteron, and o-
particle or other particles, but the threshold energies are in most cases 
greater than the energies of the most energetic neutrons of the fission spec-
trum in the fuel element. According to Howerton ' the only reactions in 27 Al with a threshold energy lower than 8 MeV are 
-43 . 
Table 2.4.1 
Al 2 7 IS* 1 
(n.P) 
<n.d) 
(n.a) 
(n.n.Y| 
Threshold energy (MeV) 
1.8 (u, - 1.7) 
6 .0 (u, = 0.5) 
3.1 (u, = 1.2) 
2.5 (u, = 1.4) 
Inel. scatt. cross section 
(barns) 
0.10 
~ 0 
0.12 
0.80 
2.5. Numerical Calculations 
2 .5 .1 . Dose-Rate Separation in A25/2 
Table 2.5.1 
Geometry factors for calorimeter A25/2. Cylindrical structure elements 
Ma-
te-
rial 
Al 
Cu 
SS 
»1 
(cm) 
Heat shield, cylinder -1 .55 
" " , top collar 2.90 
" " , top tube 3.70 
Vacuum sheath, cyL -2 .40 
" . bottom _2 4 0 
collar ^-*w 
" , bottom _2 3 0 
tnbe 
• *
o p
 S 73 
collar S - 7 a 
" " , toptube 5.33 
Supporting tube 5.33 
Guide thimble -100 
2 Cu cables 4.20 
3 T/C cables 4.20 
"2 
(cm) 
3.50 
3.53 
5.30 
6.10 
-1.60 
-1.75 
6.03 
5.64 
5.84 
100 
100 
100 
R 
(cm) 
1.01 
0.91 
0.27 
1.20 
1.14 
0.14 
1.11 
0.53 
0.45 
1.54 
0.15 
0.09 
Mass 
9 
tø 
12.22 
0.47 
0.88 
8.56 
1.09 
0.11 
0.57 
0.18 
76.34 
331 
2-9.5 
3-10.0 
Geometry 
factor 
0.1015 
0.0614 
0.0236 
0.0567 
0.0191 
0.0278 
0.011 
0.0118 
5 .7-10' 4 
46 -10"* 
8.06-10"4 
8.14-10'4 
W 
1.240 
0.029 
0.021 
0.485 
0.021 
0.003 
0.006 
0.002 
0.043 
1.522 
0.015 
0.024 
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Table 2 .5 .2 
Geometry factors for calorimeter A25/2. Plane structure elements 
Ma. 
te-
rial 
A l 
Heat sheath, bottom 
" " , top lid 
Vacuum sheath, bottom lid 
" , top lid 
h 
(cm) 
1.60 
1.10 
1.90 
3.30 
L2 
(cm) 
4.10 
3.60 
4.40 
5.80 
R o 
(cm) 
0.93 
1.00 
1.10 
1.08 
Mass 
« o i 
(g) 
0.68 
0.99 
0.76 
0.79 
Geom-
etry 
factor 
G,, 
0.033 
0.049 
0.025 
0.011 
q qi 
0.023 
0.048 
0.019 
0.017 
For all aluminium structure parts we have 
z
 S„ • M„s = 3.468. q ql 
Table 2.5.3 
Spectra of binding energy E^. and absorption coefficient \t . (aluminium) 
E 
(MeV] 
0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-B 
N i ¥ = b i 
C&i-i) 
0.216 
0.216 
0.369 
1.284 
1.675 
0.680 
0.531 
2.755 
"eai0""1 
0. 0772 
0. 0671 
0. 0596 
0.0554 
0. 0530 
0. 0514 
0.0504 
0. 0498 
"eai"1 
0. 0677 
0. 0588 
0.0522 
0.0485 
0.0465 
0.0450 
0.0441 
0.0436 
X i 
0.0495 
0.0435 
0. 0387 
0.0360 
0.0346 
0.0335 
0.0330 
0.0325 
Total 
W b A 
0.0107 
0.0094 
0.0143 
0.0462 
0. 0579 
0. 0228 
0. 0175 
0. 0895 
0. 2683 
N-4.E..U . i lTn eai 
0.0167 
0.0145 
0.0220 
0.0711 
0.0888 
0.0350 
0.0268 
0.1371 
0.4120 
14 2 
Thermal flux: 1 - 1 0 n/cm sec 
Sample mass: Mp - 8.59 grammes (incl. heater, AljOg and T/C's) 
Sample absorption coefficient i . * 0.0534 cm 
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Table 2 .5 .4 
Material dose rate from thermal-neutron capture in the structure 
Ma-
te-
rial 
Al 
Cu6 3 
Cu6 5 
ss 
Total 
* i 
27.0 
63.0 
65.0 
55.4 
Pi 
1 
0.691 
0.309 
1 
•ai 
(barn) 
0.23 
4 .30 
2.11 
2.92 
(MeV) 
7.92 
7.01 
8.14 
eai 
(cm"') 
0.0534 
0. 0534 
0.0534 
Ebi'^eai 
0. 41 20 
0.4229 
0. 3743 
0.4347 
G • M . q qi 
3.468 
0.015 
0.015 
0.024 
i W cst 
(mW/g) 
13.66 
0.33 
0.06 
0.61 
14.66 
mW/R 
The geometry factors are calculated for the A25 calorimeter, serial 
no. 2, as this calorimeter was used for the measurements reported in sec -
tion 3, The geometrical dimensions are read from the X-ray photo and the 
drawings. Minor divergences may exist between A25/2 and later calorim-
eters in the same series although they are made from the same drawings. 
The copper cables tor the beaters and the thermocouple cables are 
treated as tubes with the same outside diameter as the cables, but with the 
cable mass concentrated in the tube wall. 
The two stable isotopes Cu6 3 and Cu are weighted according to their 
natural abundance. The thermocouple sheaths are treated as if they were 
made of stainless steel 18/8/1 although this may not be the correct com-
position. Mean values of binding energies for the stainless steel and the 
copper isotopes are used, and so i s the mean absorption coefficient for the 
sample referring to the aluminium binding-energy spectrum. These approx-
imations are considered to be allowable in view of the small contributions 
from the cables to the total dose rate in the sample. 
Fig. 14 is a copy of Placzek's diagram showing, the capture probability 
X. in spheres and infinite cylinders of photons released in the sphere or 
cylinder itself. The sphere equivalent to the sample has the radius 
1 - T i o . 6 • 2.5 « 0 .877cm. 
- 4 6 -
Mean value of the absorption coefficient: 
S- . , • 0.0534 cm" . 
Table 2.5. 5 
Capture probability of the sample 
Sphere equivalent 
Infinite cylinder 
1 (cm) 
0.877 
0.60 
eai 
0. 0468 
0.0320 
X i 
0.0347 
0.0405 
For comparison the capture probability of the infinite cylinder with the 
same radius as the cylindrical sample i s included in table 2. 5. S. 
Table 2. 5.6 
Material dose rate from, thermal-neutron capture in the sample 
th 
2 (n/cm • sec) 
i o ' 4 
A 
27 
0 
a 
(barns) 
0.23 
1 ViEbtxi 
n=i 
0.2683 
AWCSp 
(mW/g) 
22.1 
The contributions from the sample thermocouples and heater to the 
sample heating are calculated to be less than 0.1 mW/g, 
Table 2.5. 7 presents the summations of p-energy depositions in the 
sample from decay in the structure elements calculated by means of eq. (22) 
in 2 .3 .2 . The mean penetration angle of p-particles from outer structure 
elements is set at 
v = 60°. 
The maximum range of p-particles in aluminium is 0.51 cm. Thus, 
only tube parts of the supporting tube and the heat-shield top tube up to this 
length are taken into account. The fraction of energy released in each en-
ergy interval: N.A., is read from the spectrum, fig. 1 2. 
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SununaUoa of p-contributioM from decay in Hit •truenira 
• 
Heat-amald 
cylinder 
Haat-ahleM 
top cellar 
Haat-ahtald 
top tub* 
Heat-aUeM 
top Ud 
Hut-ahi«ld 
bottom 
Vacuwm-
•haath 
cyUndtr 
Vacuum-
•hnta 
top Ud 
Vacuum-
•JiMth 
top collar 
Vacuum -
Hiuih 
bottom collar 
Vacuum-
abaath 
Suoporttiui 
tubt 
Guide 
thinibl« 
t 
(cm) 
o.oo 
0.05 
0.25 
0.00 
0.0« 
0.21 
0.20 
0.0« 
0.08 
0.11 
0.35 
0.21 
AjUtoV) 
EjtaWV) 
Y i 
EP 
W P 
EP 
Yfp 
EP 
M E P 
EP 
Yft 
EP 
VIEP 
E
P 
YIEP 
EP 
YIEP 
E
P 
YIEP 
E
P 
Yft 
E
P 
Yft 
Ep 
"ifr 
E
P 
"i\S 
O-0.5 
0.2$ 
0.1070 
-
-
-
-
-
-
-
• -
-
-
• 
-
-
-
-
-
-
-
-
-
-
-
-
-
0.5-1.0 
0.75 
0.2425 
0.032 
0.00$ 
0.222 
0.OM 
-
-
0.022 
0.005 
0.172 
0.0*2 
-
-
-
-
0.072 
0.011 
0.072 
o.*to 
-
-
-
-
-
-
I.O-I.S 
1.23 
0.2802 
0.5*2 
F 151 
0.722 
0.209 
-
-
0.522 
o.i at 
0.072 
0.105 
-
-
-
-
0,572 
0.160 
0.572 
0.100 
0.172 
0.050 
-
-
• 
• 
1.5-2. C 
1.75 
0.2342 
1.022 
0.2M 
1.222 
0.216 
0.Z22 
0.052 
1.422 
0.230 
1.172 
0.274 
0.422 
0.000 
0.472 
0.111 
1.072 
0.251 
1.072 
0.251 
0.472 
0.151 
0.222 
0.052 
2. 0-2.5 
2.25 
a 1083 
1.522 
0.IS5 
1.722 
0.187 
0.722 
0.070 
I.S22 
0.105 
I.S72 
0.H1 
0.622 
0.100 
0.972 
0.105 
1.572 
0.170 
1.572 
0.170 
1.172 
0.121 
0.722 
0.070 
-
0.040 
2.5-3.0 
2.75 
0. 0125 
2.022 
0.02S 
2.222 
0.02« 
1.222 
0.015 
2.022 
0.025 
2.172 
0.027 
1.422 
0.010 
1.472 
0.010 
2.072 
0.02« 
2.072 
0.02« 
1.072 
0.021 
1.222 
0.015 
0.422 
0.012 
0.505 
0.7*4 
0.145 
0.505 
0.710 
0.217 
0.224 
0.651 
0.031 
0.355 
0.145 
0.022 
0.090 
1.240 
0.029 
0.021 
0.040 
0 .0» 
0.405 
0.017 
0.00« 
0.021 
0.01* 
0.000 
l . tN-
(•Mo) 
0.725 
0.022 
0.003 
0.020 
0.01T 
0.105 
0.004 
0.004 
0.01 S 
0.007 
0.001 
0 , tM 
Total O.HS 
.48 . 
The heating from the decay gammas is calculated by means of the 
geometry factors from tables 1 and 2. On each disintegration one photon 
with the energy 1.78 MeV i s released, and the corresponding absorption 
coefficient for the aluminium sample i s 0.0645 cm" . 
The mineral-insulated cables with copper and stainless-steel (CrNi) 
sheaths contribute very little to the decay heating of the sample. Only the 
65 Cu isotope has a sufficiently short half-life to attain saturation« but with 
a cross section of 2 .3 barns, a natural abundance of 30.9% and a very small 
geometry factor, its contribution i s negligible. 
Table 2 .5 .8 
Material dose rate from Al decay in the structure 
p 
Y 
Material 
Al 
Al 
* i 
27.0 
27.0 
•ai 
0.23 
0.23 
K 
INkEk 
k=1 
1.78 
"eak 
0.0645 
q qi 
3.468 
Total of 
table 2. 5.7 
0.993 
aWDSt (mW/g) 
9.5 
3 .8 
Heating of the sample by Al decay in the sample itself is calculated 
from eq. (23) in 2. 3. 3. The fractional loss of energy by escaping p-particles 
i s calculated with the computer code BETATAB for a sample with the radius 
0.6 cm and the length 2.5 cm to be 8 . 1 % The "V-capture probability X,. i s 
read from fig. 14 for a sphere approximation as before, radius 0. 877 cm, 
and a linear energy absorption coefficient of |i = 0.0645 cm" , which gives 
Xjj = 0.042. 
Table 2.5. 9 
Material dose rate from Al decay in the sample 
Material 
8 Al 
Y Al 
A 
27.0 
27.0 
9 
a 
(barns) 
0.23 
0.23 
(1-d) 
0.913 
X k 
0.042 
hYi 
1.26 
E k 
1.78 
4 WDSt 
(mW/g) 
94.6 
6.1 
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Table 2.5.10 
Fast-neutron elastic scattering in fuel and dummy elements 
u 
0 
0.5 
1.0 
1.5 
2.0 
2.5 
3 .0 
3 .5 
4 .0 
4.44 
4.70 
4.83 
5.04 
5.35 
5.61 
5.79 
6.06 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
10.0 
&u 
0 .5 
0 .5 
0 .5 
0 .5 
0 .5 
0 .5 
0 .5 
0 .5 
0 .5 
0.37 
0.15 
0.12 
0.31 
0.30 
0.22 
0.15 
0.38 
0 .5 
0 .5 
0 .5 
0 .5 
0.5 
0 .5 
0 .5 
0 .5 
•
 g (barns) 
1.7 
2.1 
2.5 
2.92 
3 .25 
3.50 
3.6B 
3.81 
5.30 
6 .50 
15.0 
2.4 
1.5 
3.0 
22.0 
1.1 
0.55 
1.03 
1.31 
2.0 
1.4 
1.4 
1.4 
1.4 
1.4 
9 (u) normalized to 
1 0 1 4 W / c m 2 - s 
Fuel e lem. 
0.015 
0.093 
0.303 
0.488 
0.453 
0.391 
0.367 
0.354 
0.346 
0.340 
0.338 
0.336 
0.334 
0.332 
0.330 
0.329 
0.328 
0.326 
0.325 
0.323 
0.321 
0.320 
0. 318 
0.318 
0.318 
Dummy el. 
0.003 
0.032 
0.090 
0.138 
0.123 
0.085 
0.091 
0.123 
0.150 
0.170 
0.181 
0.184 
0.192 
0.200 
0.204 
0.208 
0.212 
0.218 
0.223 
0.227 
0.230 
0.232 
0.234 
0.235 
0.236 
A W f e " 
d
«
W S c « 
Fuel elem. 
0.00031 
0.00240 
0.00933 
0.01758 
0.01812 
0.01685 
0.01663 
0.01661 
0.02258 
0.02014 
0.01873 
0,00238 
0.00382 
0.00736 
0.03934 
0.01337 
0.00169 
0.00413 
0.00525 
0.00796 
0.00554 
0.00552 
0.00550 
0.00549 
0.00549 
oVSéMIW 
> 
Dummy eL 
0.00006 
O.0OO83 
0.00277 
0.00496 
0.00492 
0.00366 
0.00413 
, 0.00577 
0.00979 
0.01007 
0.01003 
0.00130 
0.00220 
0.00443 
0.024.33 
0.00085 
0.00109 
0.00276 
0.00860 
0.00559 
0.00397 
0.00400 
0.00404 
0.00405 
0.00407 
ft 6M3Z1wlt 
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The heating by decay of isotopes produced from Cr and Ni in the 
sample thermocouples and heater is calculated roughly to be l ess than 0.1 
mW/g. 
Heating of the sample by fast-neutron elastic scattering i s calculated 
by means of eq. (29) In 2 . 4 . 1 . The lethargy scale from u - O t o u ' 10.25 
i s divided into 25 intervals, and the. integral in eq. (29) i s transformed into 
a summation of the flux and the scattering cross section in these 25 intervals. 
The calculations are shown i s table 2 .5 .10 for fuel elements and dummy 
elements. The heating in experimental facilities outside the core i s ob-
tained by means of the column for dummy-element heating, as the flux spec-
tra are identical down to u = 3. The remaining values for the experimental 
facilities in reflector positions are shown in table 2.5.10a. 
Table 2 . 5 . 1 0 a 
Fast-neutron elastic scattering in reflector positions 
u Au 
0 0.5 
0.5 0.5 
1.0 0.5 
1.5 0.5 
2. 0 0.5 
2.5 0.5 
3 .0 0.5 
I iWSce 
n»0 
"s 
(barns) 
1.7 
2.1 
2.5 
2.92 
3.25 
3.50 
3.68 
<(u) 
(n/cm sec) 
0.000 
0.010 
0.049 
0.087 
d < w S c e > 
(mW/g) 
0.0 
0.40 
2.54 
3.94 
6.88 
mW/e 
10.25 
From table 2 .5 .10 (dummy elem.) we have ) AW- = 101.94 mW/g. 
n=3.0 
The energy of thermal neutrons corresponds to u • 18 .0 . The heating 
by elastic scattering of neutrons in the 1/v part of the spectrum from u » 
10. 25 to u = 1 8. 0 is 
»'•-'<L 
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18 
• I ' Fuel elements: 19. St See * " *W • •_(») • au 
u . l 0 t*HT " 
, 19.S2 
(274-1)' y - 0.300-1.400 (18.0-10.25) - 80.2mW/g 
Dummy elements 
and reflector 
positions: 
IB Z **",. - ' 9"32 , -0.260-1.40(18.0-10.25)« B c e
 (27+1T 
69.5 mW/g u=10 
Table 2.5.11 
Material dose rate from fast-neutron elastic scattering 
a-interval 
Fuel elements (W/g) 
Dummy elements (W/g) 
Reflector positions (W/g) 
0-3 
0.0069 
3-10.25 
0.1019 
0-10.25 
0.2601 
0.1233 
10.25-18 
0.0802 
0.0695 
0.0695 
Total 
0.3403 
0.1928 
0.1783 
The inelastic scattering reactions are merely important in fuel elements 
as only a small number of the neutrons present in dummy elements and re-
flector facilities have energies in excess of the inelastic-scattering thres-
hold energies. 
The attenuation probability of the scattered particles from the sample 
is denoted X in table 2.5.12, where the contributions from the reactions 
listed in table 2.4.1 are calculated by means of eq.(27) in 2.4.2. Mean 
values of the flux are obtained by integration of the spectrum for fuel el-
ements in fig. 13. 
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Table 2 .5 .12 
27 Material dose rate in Al from fast-neutron inelastic scattering 
Reaction 
(n.p) 
(n,d) 
(n.o) 
(n,n,-») 
Total 
u1 
1.7 
0.5 
1.2 
1.4 
*(u) 
10 n/cm sec 
0.250 
0.049 
0.143 
0.197 
'Si 
(barns) 
0.10 
- 0 . 0 0 
0.12 
0.80 
X 
- 1 . 0 
- 1 . 0 
~ 1 . 0 
- 0 . 0 5 
4 W S c i 
(W/g) 
' 0.015 
- 0 
0.007 
0.004 
0.026 W/g 
The calculation of the heat from inelastic scattering reactions i s rather 
uncertain because the parameters are not well known. But as the nuclear 
heat in a core position i s of the order of 2 W/g and the fast flux i s about 
14 2 
0. 5 • 10 n/cm sec, the inelastic-scattering contribution i s only 
0.026 • 0 .5 ' 1C 0.65%; 
so the uncertainties will be of no significance. 
Summary of dose rate separation calculations for A25/2: 
Table 2 .5 .13 
Material dose rates from a thermal-neutron fhiz of 10 n/cm sec 
Thermal-neutron capture in 
- -
B- decay in the structure 
Y 
p. - sample 
V 
Total 
the structure 
- sample 
14.5 mW/g 
22.1 
9.5 -
3 .8 -
»4.6 -
6.1 -
150.6 mW/g 
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Table 1.5.14 
Material dose rates from a fast-neutron flux of 10 n/cm sec 
Elastic scattering 
Inelastic 
Total 
Fuel element 
3 4 0 . 3 m W / | 
26 
366 m W / | 
Dummy element 
1 H . 8 m W / g 
0 
1 » mW/( 
Reflector pos. 
1 TB. 3 raW/g 
0 
ITS m W / ( 
2.5.2. Dose-Rate Separation in J6 
As for DC A25 calculations, a specific J6 calorimeter with serial no. > 
is chosen as model for the calculations although only minor differences 
exist between the J6 calorimeters. The calculations below are based on the 
drawing (fig. 3) and the X-ray photo of JC/9 (fig. S). The sampl« sixe is: 
L » 3.55 cm; r * 0.2 cm. 
Table 2 . 5 . 1 ! 
Geometry factors for cylindrical structure elements 
Hate-
rial Object 
Al Outer sheath 
Al Sheath tip, cyL part 
Al Cable collar 
Al 100 cm flux scan tube 
SS 20 cm T/C cables 
(cm) 
-0 .20 
-1 .00 
-2 .3 
- 50 
0.7 
*2 
(cm) 
+3.71 
-0.21 
-1 .4 
+ 50 
20. OC 
R 
(cm) 
0.30 
0.23 
0.23 
0.45 
0.22 
Mass 
"In?" 
3.97 
0.40B 
0.139 
8.357 
5.26S 
Geometrj 
factor 
G
, 
0.0811 
0.0175 
0.0041 
0.00248 
0.00080 
a,--* 
0.322 
0.007 
0.001 
0.021 
D.O04 
The heat-sink end of the rod is split into six discs perpendicular to the 
axis. Disc no. 1 ia the part of the rod between the shortest T/C and the 
heat sink. 
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Tabl« 2.5.16 
Geometry factors for plane structure elements 
Mate-
r ia l 
A l 
Disc 
no. 
1 
2 
3 
4 
5 
6 
7 
8 
Object 
Rod end 
Heat sink 
-
- -
- -
- -
Cable 
collar disc 
Outer 
sheath tip 
(em) 
0.080 
0.231 
0.381 
0.538 
0.688 
0.800 
1.038 
1.200 
^2 
(em) 
3.620 
3.788 
3.938 
4.088 
4.238 
4.350 
4.588 
4.750 
R o 
(cm) 
0.20 
0.31 
0.31 
0.31 
0.31 
0.33 
0.32 
0.23 
Mass 
(grams) 
0.0485 
0.1400 
0.1200 
0.1200 
0.1175 
0.11*4 
0.3002 
0.1796 
Geometry 
factor 
0.0766 
0.03T9 
0.0210 
0.0152 
0.0117 
0.0099 
0.0073 
0.0062 
q ql 
0.0037 
0.0045 
0.0025 
0.0018 
0.0014 
0.0011 
0.0022 
0.0011 
For all aluminium parts in J6/9 we have 
" V M q i = °'317 
The sample of *be calorimeter is defined as the rod between the free 
end and the T/C junction at the heat-sink end. 
Mass of sample (ind. heater and T/C cable): 1.334 g. 
Sample absorption coefficient 5 , » 0.0534 cm' . 
14 2 ' ^ ^ 
Thermal flux: 1-10 n/cm - sec. 
Table 2.5.17 
Material dose rate from thermal-neutron capture in the structure 
Mate-
r i a l 
A1 
SS 
Total 
A i 
27.0 
55.4 
Pi 
1 
1 
• a i 
(barns) 
0.23 
2.93 
E b i 
(MeV) 
8.14 
* e * 
(cm ) 
0.0534 
E bi '»ea i 
0.4120 
0.4347 
G
« l M « i 
0.317 
0.004 
4 W C S t 
(mW/g) 
8.1 
0.7 
8.8 
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Table ».5.1« 
Spectra of binding energy E ^ and absorption coefficient a 
E 
(MeVl 
0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
Total 
W b i 
(V" 
0.216 
0.216 
0.369 
1.264 
1.675 
0.660 
0.531 
2.755 
V i m ' 1 ) 
0.0772 
0.0671 
0.0596 
0.0554 
0.0530 
0.0514 
0.0504 
0.0496 
•w1" 
0.01544 
0.01342 
0.01192 
0.01108 
0.01060 
0.01028 
0.01008 
0.00996 
*l 
0.0300 
0.0175 
0.0155 
0.0144 
0.0138 
0.0134 
0.0131 
0.0129 
W b f t 
0.00432 
0.08378 
0.00572 
0.01849 
0.02312 
0.00911 
0.00696 
0.03554 
0.1070 
The sample capture probability Xj la read tram Placsek's diagram, 
fig. 14, for an infinite cylinder with the radius 1 » 0.2 em. 
Table 2.5.19 
Material dose rate from thermal-Matron capture 
14 2 
in the sample at a thermal Box of 10 n/cm aec 
Material 
Al 
SS<T/C's) 
Total 
A 
27 
55.4 
m 
a 
(barns) 
0.23 
2.92 
o«i 
0.1070 
0;1498 
CSp 
WW/« 
8.3 
9.5 
18.3 
The material dose rate from SS In table 2.5.19 is weighted with the 
ratio between the mass in which the binding energy is released; 0.167 g (the 
mass of the T/C's) and the mass in which the energy is absorbed: 1.3337 g 
(the sample mass). 
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TMM»l-»u» 
SMMMflM rf p-MMMIM b«B «mr to ••< 
The heating from p-decay in the structure is calculated in table 2.5.20. 
The mean penetratton angle is set at v * 45° for cylindrical elements. As 
the maximum range in » imiw™ of the 2.87 HeV p-particles is 0.51 cm, 
the geometry mctor Gs for the flux scan tube only refers to the 6 cm long 
centre part. The outer heat-sink discs and cable do not contribute to the 
p-decay heating for the same reason. 
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Table2.5.21 
Material dose rate from Al -decay in me structure 
Material 
p Al 
V Al 
* i 
27.0 
27.0 
i 
• a i 
(barns) 
0.23 
0.23 
k-1 
1.73 
"eafc 
0.0645 
G
„ '
M
™ o. «P 
3.468 
Total 
of 
table 
2 .5 .20 
0.238 
i WDSt 
(mW/g] 
17.4 
2.6 
The computer code BETATAB is used to calculate the fractional loss of 
energy by escaping 0-particles: 12.27%. The probability of Y-capture from 
the cylindrical sample is read from fig. 14: 3L • 0.0171. 
The rates of heating by decay of the stainless-steel sheaths of the 
thermocouples in the sample are weighted with the ratio between the thermo-
couple masses: 0.167 g. and the sample mass: 1.3337 g. 
Tabte 2.5.22 
Material dose rale from decay in the sample 
D e c a y s 
Decayp 
Decayp 
Decay 7 
Decay Y 
DecayY 
Material 
Al 
C r ^ p o * ) 
11^(80%) 
Al 
CrM(20%) 
^ " ( • o * ) 
A 
27.0 
52. 0 
58.7 
27 .0 
52.0 
58 .7 
Abun-
dance 
P 
100 
2.38 
1.16 
100 
2.38 
1.16 
9 
a 
(barns) 
0.23 
0.38 
1.6 
0 .23 
0.36 
1 .6 
1-d 
0.8773 
1.0 
1.0 
* k 
0.0171 
-
0.0171 
lUiBA "DSpf 
'CMeVJ (mW/g) 
1.26 
1.14 
0.605 
£"kVk 
1.78 
~° 
0.566 
90.9 
0 .2 
9.2 
4WIW 
(m*/g ) 
2 .5 
.~ ° 
- 0 
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The heating from fast-neutron scattering and reactions is calculated 
for the adiabatic calorimeter A25/2 in 2. 5 .1 . As the sample material i s 
the same in the two types of calorimeters, the calculations are applicable 
also to the isothermal calorimeter J6/9 . 
Summary of dose-rate separation calculations for-16/9: 
Table 2 .5 .23 
Material dose rates from a thermal-neutron flux of 10 n/cm sec 
Thermal-neutron capture in the structure 
Thermal-neutron capture in the sample 
p-decay in the structure 
Y-decay in the structure 
p-decay in the sample 
Y-decay in the sample 
Total 
9.9 mW/g 
18.3 -
17.4 -
2 .6 -
91.3 -
2 .5 -
142.0 mW/g 
Material dose rates from a fast-neutron flux of 10 n/cm sec: the 
same as in 2 .5 .14 . 
3. MEASUREMENTS AND RESULTS 
3 . 1 . Scannings of Experimental Facilities 7V-. 4V- and 4VGR by Means 
of Calorimeter A25 
3 . 1 . 1 . Methods and Techniques 
Nuclear-heat measurements can be carried out in an experimental hole 
provided with the plugs and guide tube belonging to the measurement equip-
ment. As no more than two sets of equipment have been made, namely one 
set for the TV holes and one fcr the 4V and 4VGR holes, only two holes can 
be scanned every four weeks of the reactor operation period. 
When the flask i s placed on top of the hole as shown in fig. 8, the vacuum 
in the calorimeter and the electronics are checked. The vacuum should be 
3 
kept below 1 0 Torr. 
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The calorimeter is lowered by means of the hand wheel on the flask, 
and it is placed in the correct position by observing the marks on the calor-
imeter supporting tube through the periscope. Marks are made for every 
10 cm on the supporting tube. 
As soon as the nuclear heat starts to raise the sample temperature, 
power is switched on manually to the heat-shield heater and adjusted until 
the delta temperature between sample and heat shield is close to zero. Then 
the power is switched over to automatic control which keeps the delta tem-
perature below 0.1 °C while the sample temperature increases from room 
temperature to about 225°C. Then the heat-shield power is switched off, 
and the calorimeter is withdrawn into the flask again. 
The recorded trace shows that the sample temperature increases nearly 
linearly with time. Full-scale deflection of the recorder equals a rise in 
temperature of 9.835°C. Thus the bucked-off voltage has to be changed 
about twenty times during one measurement, giving about twenty linear 
trace p&rts on the Graphispot recorder paper. 
The slopes of the twenty trace parts differ from each other because 
(1) the specific heat of the sample changes with temperature 
(see fig. 17), 
(2) the thermocouple sensitivity changes with temperature 
<see fig. 16), and 
(3) the contribution to the sample heating from the decay of 
activated nuclei changes as the degree of saturation of the 
activated isotopes changes. 
The predominant activation process: Al 27 (n, Y) Al 28 with a half life 
of 2.3 minutes for the Al 28 isotope Is saturated by about 98$ In 10 minutes 
(see 2.3.1), which is the shortest time experienced for a measurement run. 
Consequently it was preferred to refer to the saturation condition. The 
slope was then read from the last temperature trace parts and in the calcula-
tions was used the appropriate data for specific heat and thermocouple sensi-
tivity referring to the upper part of the temperature range, usually around 
200°C. 
A complete scanning of an experimental hole comprised about ten meas-
urements made at locations with S -10 cm vertical distance and lasted two 
to ave hours. Thermal- and fast-flux scannings by Co- and Mi-wires mounted 
in Al-wires were made through the flask in continuation of the nuclear-heat 
measurement. 
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3 . 1 . 2 . Calibrations 
3 .1 . 2 . 1 . Calibration of A25/2 as Adlabatic Calorimeter. With a 
specific heat c cal/°C g of the calorimeter sample and a measured tem-
perature r ise rate dT/dt °C/sec , the heat deposition in the sample i s 
W = 4.1868 • c • dT/dt W/g. (33) 
The value of c can be determined by calculation or by calibration. 
The calibration method i s preferable as faults in the temperature meas-
uring device are eliminated if the device i s used at the calibrations as well 
as at the in-pile measurements. 
Ideally, the calibration should be made under exactly the same condi-
tions as the in-pile measurements, i . e. with 
(1) the same temperature of die surroundings, 
(2) a uniform heat deposition in every part of the sample and 
structure, and 
(3) the same conditions of heat conduction to the surroundings. 
The surrounding temperature can be kept constant with an oven, but 
out-of-pile simulation of the two last conditions is rather difficult because 
the heat i s produced by the electrical heater coils on the sample and the 
Inner can, and this will r ise the temperature gradients in the sample as 
well as in the can and the remaining structure, introducing errors which 
are bigger, the faster the temperature transient. 
Therefore two types of out-of-pile calibrations were carried out, the 
first one simulating the in-pile conditions as well as possible within the 
Limitations outlined above, and the second one without electrical power on 
the can heater. 
The first type of calibration was carried out in the following way: By 
means of a network as shown in fig. 7 and described in 1.5.1 a current 
was sent through the sample heater-coil. The current was measured by 
means o "PYE" potentiometer across a precision 1 D shunt in the circuit. 
The can-heater-coil current was adjusted manually until the delta tempera-
ture between sample and can was steady close to zero. Then the automatic 
control was switched on, keeping the delta temperature below 0.1 C during 
the calibration run. The linear sample temperature Increased, and the 
delta temperature was recorded and the run stopped when the can heater 
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current had increased to the maximum out-put of the amplifier, 1 ampere, 
so that the delta temperature could no longer be kept below 0.1 °C. The 
calibration was repeated with different sample-coil currents and different 
surrounding temperatures. 
The calibration result is the value of c and its dependence on the tem-
1
 2 
perature. c is found from the electrical power r_, • Li on the sample and 
the sample temperature slope (dT/dt)-,, all referring to the same sample 
temperature T 
(34) 
The second type of calibration was made in the following way: With all 
parts of the calorimeter at the same temperature and in a constant sur-
rounding temperature, a minor transient was made by switching a small 
electric current on to the Bample heater-coil. The sample temperature 
rises and tends to reach an equilibrium value (see fig. 15) where the total 
of the applied electric heat would be led through the air gap to the inner can. 
The value of c could be found from the initial slope of the sample tempera-
ture, but the slope was rather uncertain here because the sample tempera-
ture was disturbed at that moment by small transients during the setting of 
the temperature gradients in the sample. 
Before the sample temperature had reached its equilibrium value, the 
electric current on the sample heater vag switched off, and the sample 
temperature decreased again. The sample temperature T and the sample-
can delta temperature AT recorded during the calibration are shown in 
fig. 15. 
The heat balances are: 
Increasing sample temperature: W i-(W „J^- • C • dT/dt (35) 
Decreasing sample temperature: -CWgond'iT " C ' d T / d ^ '38^ 
where Wrf • rT • l£ . 
and CW„ond)AT is the heat conducted from the sample to the surroundings 
when the temperature diff 
the sample heat capacity; 
erence between sample and can is AT °C. C is 
C • 4,1868 • c • M-Wl/°C, (37) 
where M is the sample mass. 
Calibration of A25/Z. 
Temperature 
Sample and can temperatures Tp and. T/f are 
•relative 4o initial• calorimeter -temperature. I* 
.63 . 
As the rise in sample temperature is only a few °C, the fas-gap con-
ductivity can be considered constant; and Wc.)lfr depends consequently 
only on the sample-can delta, temperature AT. 
If two points on the sample temperature curve are chosen, one on the 
increasing and one on the decreasing part; so that &T is the same tor the 
two points, the value of (Wcoll<j)flr w U 1 ***° ** m e •""*• Thus, by sub-
stituting equation (36) into equation (35). 
W d + C • (dT/dt)d - CHdT/dt^  . (38) 
where indices d and i refer to the decreasing, and Increasing part of the 
curve in fig. 15. By means of equation (37) the specilic heat of the sample 
is found: 
W 
c =
 4.1868 • MpJldT/dtJj - (dT/dt)d) • <"> 
By reading many pairs of points on the curve, a number of c-value« 
could be found. However, this is much more easily done by integration of 
equations (35) and (36): 
f Wedt - f K • flTdt = J C dT (40) 
1 1 I 
4 4 
- f Kffldt " f CdT, (41) 
where 1 and 2 are points on the increasing, and 3 and 4 points on the 
decreasing part of the curve. K is the thermal conductivity between sample 
and can. 
Integration of (40) and (41) gives 
W e l W - K , 1 1 - 2 " ctr8-»i> t**> 
- K - l j . 4 - C(T4-TS). »3) 
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where 2 4 
I, _2 = f nT dt and I3 4 • J «T dt (44) 
1 3 
are found by graphical integration of the curves in fig. 15. If the curve 
points are chosen so that 
T3 - T4 = T2 - T, , 
(10) and (11) solved with respect to C and K give 
I3.4 ( V V ,0 
c
 *i,.2+i3-4 • ^ b 'We 3oules/ c 
and 
K • I ^ -t-I • We W / C" 
x1 -2 x3-4 e 
The advantage of this type of calibration over the type described earlier 
is that all parts of the calorimeter have nearly the same temperature during 
the calibration. The "ideal conditions" stated at the beginning of this sec-
tion (3.1.2) are thus better approached. 
Fig. 17 shows the calibration result: The specific heat of the calorimeter 
sample versus temperature. The calculated mean specific heat of the sample 
is also shown in fig. 17. The measured thermocouple uV-signal is trans-
formed into temperature in C by means of standard thermocouple tables as 
the calorimeter thermocouples have not been calibrated individually. This 
may explain the deviation between the measured and the calculated curve. 
Fig. 16 shows the sensitivities of cromel/alumel thermocouples versus 
temperature as stated by Kaye and Laby and by Benedict and Ashby. The 
differential sensitivity at T°C is defined as the slope at T°C on a curve 
showing thermocuple voltage versus temperature. It is the sensitivity of a 
delta temperature measurement by means of two thermocouples placed in 
nearly the same temperature, e. g. the sample/can delta temperature in the 
calorimeter. The absolute sensitivity at T°C is the sensitivity of a thermo-
couple with the hot junction at a temperature T°C and the cold junction at a 
reference temperature. In fig. 16 the reference is the room temperature: 
20°C. The sensitivity of the centre sample thermocouple in the calorimeter 
is given by the absolute sensitivity curve. i 
(45) 
(46) 
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The calculated curve in fig. 17 is based on the accurate weights and 
known specific heats of the sample construction materials: 
Material 
A12S 
A^Oj cement 
CrNi 80/20 heater 
Inconel T/C sheath 
Cromel wire 
Alum el wire 
MgO T/C insulation 
Total 
Weight 
grams 
7.199 
1.139 
1.150 
0.077 
0.006 
0.005 
0.015 
8.591 
Specific heat 
cal/°C 
20°C 110°C 200°C 
0.215 
0.181 
0.108 
0.108 
0.108 
0.100 
0.262 
0.225 
0.224 
0.113 
0.113 
0.113 
0.167 
0.287 
0.235 
0.246 
0.118 
0.118 
0.118 
0.175 
0.301 
Mean specific heat of sample, cal/°Cg 
Heat capacity 
cal/°C 
20°C 110°C 200°C 
1.548 
0.206 
0.016 
0.008 
0.001 
0.001 
0.004 
1.784 
0.208 
1.620 
0.255 
0.017 
0.009 
0.001 
0.001 
0.004 
1.907 
0.222 
1.691 
0.280 
0.018 
0.009 
0.001 
0.001 
0.005 
2.005 
0.233 
In fig. 17 the measured curve is based on seven calibrations of which 
five were made at a temperature close to room temperature. A calibration 
at about 200°C failed. Two of the calibrations were made by means of the 
second calibration method, the others by means of the first method. 
The calibration results were: 
1st Method 
Surrounding temp., °C 
Sample current, amps. 
resistance, ohms 
temp, rise rate, °C/» 
- heat capacity, Ws/°C 
specific hea^ cal/°Cg 
29 
0.0810 
21.33 
0.0186 
7.53 
0.210 
26 
0.0985 
21.33 
0.0268 
7.71 
0.215 
24 
0.3893 
21.33 
0.4083 
7.91 
0.220 
89 
0.081 
21.54 
0,0171 
8.25 
0.229 
138 
0.0605 
21.68 
0.0918 
8.65 
0.240 
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2nd Method 
Surrounding temp., C 
Sample current, amps. 
resistance, ohms 
temperature rise, °C 
heating time, sec. 
Temperature integral L _,i» ° C s 
" »8-41. ° C s 
Sample heat capacity, Es/°C 
specific heat, cal /°Cg 
Thermal conductivity of gas gap W/°C 
25 
0.0604 
21.33 
4.76 
1716 
7503 
5833 
7.73 
0.212 
0.0130 
26 
0.0805 
21.33 
8.11 
922 
2803 
5542 
7.76 
0.213 
0.0112 
It was decided to draw the calibration curve in fig. 17 parallel to the 
calculated curve rather than straight through the calibration points as the 
temperature dependence of the sample materials i s well known and calibra-
tion by the first method i s rather uncertain at higher temperatures. 
3 . 1 . 2 . 2 . Calibration of A25/2 as Isothermal Calorimeter. After com-
pletion of the measurements in reactor run 64 when eight of the fourteen ex-
perimental tubes had been scanned, the centre thermocouple in the sample 
of the calorimeter A25/2 failed. As A25/2 was the only available calor-
imeter at that time, the measurements had to proceed with A25/2 as an 
isothermal calorimeter type. Further calibrations would then be necessary 
to get information on the gas-gap thermal conductivity and the variation of 
this figure with temperature and vacuum pressure. 
With a known gas-gap conductivity K mW/°C, the nuclear heat W mW/g 
on the sample was found by measuring the sample/can delta temperature as 
W - S^- , (47) 
P 
where M is the sample mass. 
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As shown in 1 .3 .1 , the K value i s strongly dependent on the vacuum 
pressure. Also small changes in the location of the sample in the can may 
change the K value at changes in Ihe touching area of the supporting mica 
pieces. Thus the best procedure is to measure the K value in-pile simul-
taneously with the delta temperature measurement. 
The conventional method for in-pile calibration of an isothermal calor-
imeter i s aB follows: 
When the temperatures have stabilized 
in an in-pile measurement, the sampl«/ 
can delta temperature i s read (point 1 
on fig. 3 .1 .2 .1) . Then an electric 
current i s switched on to the sample 
heater, and after a new stabilisation 
the delta temperature and the current 
I are read. The electric power on 
the sample i s found from the tempera-
ture-corrected sample heater resiat-
f^illt 
" e l r T " *p • 
By plotting of a number of AT- and W.-values in a diagram as 3 . 1 . 2.1 
(points nos. 2, 3, 4, and S) the thermal conductivity K is obtained as the 
slope of the line through the points. The nuclear heat can then he calculated 
by equation (f 6), or it can be read graphically by extending the line to the 
negative part of the V/ , -ax i s . The nuclear heat appears as the distance 
from origin to the crossing point read in the same units as used on the W , -
axis. This i s seen by comparing equation (16) with the figure. 
The in-pile calibration results are given in subsection 3 .1 . 3 together 
with the measurement results. 
A number of K-measurements were also made out-of-pile. As a routine 
after each movement of the calorimeter flask the value of K was measured 
in order to check that the calorimeter had not been damaged by the handling 
Dumpings. These measurements were all made at room temperature. At 
higher temperatures two measurement series were made. 
In fig. 9 are seen these K-values measured out-of-pile as a function of 
the mean sample/can temperature which is an approximation to the gas-gap 
temperature. The deviations from the line are partly caused by the meas-
urement conditions which were not perfect in all daily routine check meas-
urements, and partly caused by different vacuum pressures. It was not 
. 6 9 . 
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possible to get as low pressures ( (10" Torr) as intended. The design 
calculations in section 1.3.) were based on a vacuum better than 0.1 M , 
which gave an estimated gas-gap heat conduction of 3. 37 mW/°C. The 
same calculations based on a vacuum of 100 H gave a figure of 9. 4 mW/°C. 
The accordance with the measured values at 20°C i s fairly good. 
3 .1 .3 . Results 
The measurements reported here were made in reactor runs SI to 69 
covering the period January 1 965 to July 1 966. 
Changes in core configuration at fuel burn-up and replacement and at 
rig changes alter the nuclear heat distribution, mainly in the core, but also 
outside the core in the experimental facilities. Therefore the measurement 
results cannot be taken as typical for the respective experimental holes. 
The estimated deviations from the material doses shown in figs. 22 - 35 
are not more than 10%. This will be further illustrated for the fuel elements 
in 3.2. 
The adiabatic measurement results are given in table 3 . 1 . 1 . The 
sample specific heat is read in fig. 1 7 at the sample temperature which 
corresponds to the point on the sample temperature increase curve where 
the slope dT/dt °C/sec i s read. An example of a sample temperature 
curve is shown in fig. 18. It is a cut of the recorder paper which supplied 
the result from the measurement in 4V2, 30 cm above the core centre plane 
(listed in table 3.1.3) . As described before, the value of the sample tem-
perature increase rate in the further calculations is the value at about 8 
minutes after insertion when the neutron processes have nearly reached 
their equilibrium state. The sample temperature at this moment determines 
the value c of the sample specific heat to be used in equation(33)in 3 . 1 . 2 . 1 . 
The isothermal measurement results are given in table 3 .1 .2 . The 
nuclear heat is calculated by formula (47) in3 .1 . 2. 2. In fig.9 is read the 
gas-gap conductivity at the actual mean gas-gap temperature. This intro-
duces errors in the isothermal measurements as the gas-gap conductivity 
also changes with the gas-gap vacuum. Table 3 .1 .3 shows the difference 
between values obtained by means of out-of-pile calibrations (fig. 9) and 
in-pile calibrations made in a few positions by electric heating of the sample 
as described in 3 .1 . 2. 
The vacuum was measured at the connection between the flexible hose 
and the vacuum pump (see fig. 8) as it wag practically impossible to connect 
a vacuum sensor closer to the calorimeter. For this reason the measured 
vacuum could not be related to the gas-gap conductivity. Nor does fig. 9 
- n. Figure It 
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indicate a relation, so it must be concluded that the isothermal A25-meas-
urements have a built-in uncertainty resulting from the varying gas-gap 
vacuum. Table 3 ,1 .3 illustrates the magnitude of this uncertainty. 
The trouble might have been avoided if the gas gap had been filled with 
Co« at atmospheric pressure during the isothermal measurements as the 
thermal conductivity remains constant over a wide range of barometric 
pressures. Unfortunately we did not realize this problem at the time of 
failure of the sample centre thermocouple when it was decided to continue 
the measurements by the isothermal principle. 
The vacuum during the measurements listed in tables 3 .1 .2 and 3 .1 .3 
was in the range 0 . 0 7 - 0 . 1 4 Torr. 
The measured nuclear heat i s split into material dose rate and position 
dose rate in accordance with their definitions in subsection 2 .1 .2 . By 
means of the thermal and fast-flux values and the calculated conversion 
factors, given in tables 2.5.13 and 2. 5.14, the material dose rates are 
found. The resulting position dose rates are the heatings from the pure 
Y-field at the position concerned. This Y-field is perturbed by the presence 
of the calorimeter, but the s ize and choice of materials in the calorimeter 
render the perturbation insignificant. 
All dose rates are given in units of mW/g. It should be mentioned here 
that 
1 mW/g = 100 rads/sec - 3.6 • 105 rads/h . (48) 
The reference reactor power, i. e. the thermal power carried away by 
the secondary reactor cooling system, was not the same in the individual 
measurements. It is listed as "computed power" in the heading of each 
graph (figs. 22 - 35). A comparison between the maximum values of the 
curves in figs. 22 - 35 is given in table 3 .1 .4 . By the normalization to the 
computed power, 10.0 MW, the comparability is increased, but the figures 
are still subject to deviations introduced by changes in core configuraticn 
from cycle to cycle, as mentioned earlier. 
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TaMa 3 .1 .1 
Anabatic maaauramaata with A2S/2 In cBparlmantal racillUM 
PoaiUoa 
cm abovo 
cantrapl. 
7V1 
• la 
5 
0 
• S 
+ 10 
15 
20 
30 
40 
50 
60 
12 
• 17 
20 
M 
40 
50 
70 
4V2 
+ 20 
30 
40 
50 
SO 
M 
4V3 
• 17 
20 
3« 
40 
50 
50 
to 
4V4 
• 20 
30 
40 
SO 
to 
70 
•0 
Tamp. 
ineraaaa 
rata 
("CM 
0.2510 
0.2563 
0.2552 
0.2(21 
0.2534 
0.3402 
0.2315 
0.1370 
0.1130 
0.124« 
0.0971 
0.104« 
0.1014 
0.0334 
0.0713 
0.0551 
0.03(2 
0.0314 
0.0343 
0.0713 
0.O55I 
0.0133 
0.0240 
0.1349 
0.1275 
0.1115 
0.0975 
0.0773 
0.05(3 
0.0293 
0.1335 
0.1137 
0.09(0 
0.0774 
0.0534 
0.0423 
0.0302 
Sampla 
tamp. 
(°C) 
235 
222 
231 
212 
224 
224 
214 
214 
214 
214 
214 
130 
90 
100 
115 
120 
70 
IOC 
10« 
106 
10« 
142 
ioa 
164 
1(1 
153 
141 
147 
144 
109 
126 
137 
12« 
127 
127 
131 
127 
Sampla 
•pacific 
baat 
| c l / ° C « ) 
0.244 
0.242 
0.244 
0.241 
0.243 
O.MS 
0.242 
0.242 
0.242 
0.242 
0.242 
0.232 
0.22« 
0.227 
0.230 
0 230 
0.223 
0.223 
0.22« 
0.22« 
0.22« 
0.233 
0.22« 
0.23« 
0.239 
0.235 
0.233 
0.234 
0.233 
0.229 
0.231 
0.291 
0.231 
0.231 
0.231 
0.232 
0.231 
Nuclear 
h u t 
(mW/|) 
25« 
25« 
2(1 
3(4 
25« 
244 
235 
200 
1(5 
12« 
99 
101 
K 
35 
(8 
53 
34 
37 
31 
«> 
33 
42 
23 
134 
12« 
110 
95 
7« 
55 
29 
134 
113 
(5 
75 
57 
41 
29 
Thermal 
flux 
(p/em2>a) 
n o " 
0.6IS 
0.620 
0.620 
0.610 
0.5*5 
0.570 
0.535 
0.460 
0.370 
0.215 
0.210 
0.250 
0.240 
0.210 
0.170 
0.140 
O.0M 
0.220 
0.1 »5 
0.150 
0.120 
0.0S5 
0.050 
0.250 
0.230 
0.1 »5 
0.120 
0.090 
0.0(5 
0.035 
0.315 
0.260 
0.210 
0.16! 
0.130 
0 . 0 H 
0.0(5 
Fmat 
fluB 
(a/cm9-a) 
, i o " 
0.0041 
0.0043 
0.0043 
0.0045 
0.0041 
0.003« 
0.0034 
0.0024 
0.0014 
0.0007 
0.000« 
0.0003 
0.0003 
0.0001 
0.0001 
0.0000 
o.oooo 
0.0002 
0.0002 
0.0001 
0.0000 
0.0000 
0.0000 
0.0003 
0.0002 
0.O002 
0.0001 
0.0000 
0.0000 
0.0000 
0.000« 
0.0003 
0.0002 
0.0001 
0.0001 
0.0000 
0.0000 
Malarial 
O M C 
rata 
(mw/ , l 
93 
94 
9« 
93 
90 
3« 
•1 
70 
5« 
43 
32 
33 
3« 
32 
2« 
21 
12 
33 
28 
23 
18 
1« 
8 
38 
35 
25 
1« 
14 
10 
5 
47 
39 
32 
25 
20 
>4 
10 
Poa. 
doaa 
rata 
(mw/ l ) 
1(3 
104 
167 
171 
168 
IS« 
15« 
130 
10* 
86 
67 
63 
•0 
53 
43 
32 
22 
5« 
53 
45 
35 
2« 
15 
96 
93 
•5 
77 
62 
45 
23 
87 
74 
•3 
50 
37 
27 
.9 
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Table 3.1.1 continued 
Posit ion 
c m 
cent rp l . 
4 Y C R - 1 
- 15 
- 10 
- 5 
0 
• 5 
10 
15 
20 
30 
40 
4 V C R - 2 
- 10 
- 5 
0 
+ 5 
10 
I S 
20 
30 
40 
50 
4 V C R - 4 
- 15 
- to 
5 
0 
+ 5 
10 
15 
20 
30 
40 
50 
Temp. 
increase 
ra te 
<°C/s) 
0 .0222 
0 .0225 
0. 0227 
0 .022? 
0. 022B 
0. 0224 
0. 0211 
0 .0219 
0.01 98 
0.01 75 
0 .01 79 
0 .01 S3 
0 .0186 
0 . 0 1 « 
0 .0180 
0.01 79 
0. 01 71 
0.01 58 
0 .0142 
0. 01 24 
0 . 01 74 
0. 01 75 
0. 01 75 
0. 01 78 
0. Of 78 
0 . 01 71 
0. 01 K8 
0. 01«4 
0 .0147 
0 . 01 30 
0. 0111 
S u n p ie 
temp. 
<°c> 
125 
140 
151 
162 
171 
167 
110 
130 
150 
190 
112 
110 
110 
no 
110 
110 
110 
110 
110 
no 
96 
123 
9b 
95 
96 
95 
97 
96 
96 
100 
9b 
Sample 
speci f ic 
heat 
<«J/°Cg) 
0 .231 
0 . 2 3 3 
0 . 2 3 4 
0 . 2 3 5 
0 . 2 3 6 
0. 236 
0 . 2 2 9 
0 . 2 3 2 
0 . 2 3 4 
0 . 2 3 9 
0 . 2 2 9 
0 . 2 2 9 
0 . 2 2 9 
0 . 2 2 9 
0 . 2 2 9 
0 . 2 2 9 
0 . 2 2 9 
2 . 2 2 9 
1). 229 
0 . 2 2 9 
0 . 2 2 7 
0 .231 
0 . 2 2 7 
0. 227 
0 . 2 2 7 
0 . 2 2 7 
0 . 2 2 7 
0. 227 
0 . 2 2 7 
0 . 2 2 8 
0. 227 
Nuclear 
heat 
< m W / | ) 
21 .5 
2 2 . 0 
2 2 . 3 
2 2 . 3 
22. f» 
2 2 . 2 
2 0 . 2 
21 .1 
1 9 . 3 
1 7 . 5 
1 7 . 2 
17 .5 
1 7 . 8 
17 .5 
1 7 . 2 
17 .1 
l b . 4 
15 .1 
13. b 
1 1 . 9 
H . f r 
l b . 9 
1 8 . 7 
1 7 . 0 
f 7 . 0 
l b . 3 
1 5 . 9 
1 f>. fi 
14.(1 
12 .4 
10. b 
T h e r m a l 
flux 
tn/cm2- •) 
. I 0 M 
0. 0600 
0. 060$ 
0 . 0 6 1 0 
0 .0610 
0 .0605 
0 .0590 
0. 0575 
0 . 0 5 6 0 
0. 051 5 
0 .0460 
0 .0475 
0 . 0 4 8 0 
0 .0475 
0 . 0 4 7 0 
0. 0400 
0 . 0 4 4 5 
0 . 0 4 3 0 
0 . 0390 
0 .0345 
0 .0290 
0 .0410 
0 .0405 
0 . 0 4 0 0 
0 . 0 3 9 0 
0. 038C 
0 .03b5 
<). 035(1 
0. 033 "> 
0 .0300 
U.0260 
(1. 0210 
Fas t 
f lux 
( n / c m 2 - s ) 
* I 0 H 
lea« 
than 
0 .0001 
learn 
than 
0 . 0 0 0 ! 
leas 
than 
11. 0001 
M a t e r i a l 
dose 
r a t e 
( m W / i ) 
9 . 0 
9 .1 
9 . 2 
9 . 2 
9 .1 
8 . 9 
8 . 7 
8 . 4 
7 . 7 
8 . 9 
7.1 
7 . 2 
7.1 
7 .1 
6 . 9 
6 . 7 
6 . 5 
5 . 9 
5 . 2 
4 . 4 
6 . 2 
6 .1 
6 . 0 
>.9 
5 . 7 
fi.S 
5 . 3 
"i.O 
4 . 5 
3 . 9 
3. 2 
POS. 
doae 
r a t e 
( m W / t ) 
1 2 . 5 
1 2 . 9 
1 3 . 1 
1 3 . 1 
1 3 . 4 
1 3 . 3 
I I . 5 
1 2 . 7 
1 1 . 6 
1 0 . 6 
1 0 . 1 
1 0 . 3 
1 0 . 7 
1 0 . 4 
1 0 . 3 
1 0 . 4 
9 . 9 
9 . 2 
8 . 4 
7 . 5 
1 0 . 4 
1 0 . 8 
1 0 . 7 
1 1 . 1 
M . 3 
1 0 . 8 
1 0 . 6 
TO. 6 
9 . 5 
8 . 5 
7 .4 
M 
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iMthnmt l m H u r m t M i with AM/2 bi MpmrwMaUl faciUUM 
POCltMB 
C M above 
cmtrcpl. 
Hi 
- to 
- 5 
0 
+ 10 
20 
30 
so 
7 V 3 
- 10 
0 
• 10 
20 
10 
« 
90 
M 
7V4 
- 10 
0 
+ 5 
10 
20 
30 
40 
50 
• 0 
4VGR-3 
- 15 
- 10 
S 
* 10 
I S 
30 
IMU> 
M K * 
»C 
CC. 7 
•7.4 
CC.0 
45. S 
C2.I 
59.7 
M . 4 
72. C 
72.« 
60. C 
44.9 
55.7 
45. C 
M . 0 
SI.O 
•7.3 
U . 3 
»1.7 
M . 3 
•3.6 
77.4 
C5.0 
52.5 
41.2 
0.42 
» 7 6 
> . U 
• . • 5 
(.41 
».71 
G»- («p 
Map. 
" C 
175 
140 
172 
14S 
I S « 
152 
I 3 > 
I H 
I I I 
17« 
I7C 
171 
144 
IC2 
125 
2 » 
225 
220 
21 • 
215 
I M 
I I I 
177 
171 
107 
104 
106 
110 
110 
M 
C M - t v 
contact. 
»W/t 
23.0 
24.3 
23.1 
23.4 
22.6 
22.2 
21.1 
24.5 
24.3 
24.2 
24.« 
23.« 
23.1 
22.» 
20.« 
27.1 
27.6 
27.2 
27.2 
26.» 
25.0 
24.5 
24.0 
23.6 
1>.B 
IS.4 
13.8 
l» .0 
tf.O 
ia.2 
Nacloar 
M 
-w/ i 
I W 
H l 
1*4 
174 
163 
144 
• 4 
2 M 
M C 
I H 
in 
153 
123 
101 
75 
» 2 
267 
2 * 0 
206 
262 
225 
1 ( 5 
147 
113 
20.6 
21.4 
21.6 
21.4 
20.« 
19.3 
T k m a t 
I t u 
» I . " 
0 .3M 
0.3M 
* . 3 M 
0.370 
0.330 
0.275 
•.170 
0.315 
0.305 
0.335 
0.2*5 
O.230) 
0.1 »5 
0.145 
0 .11* 
0.505 
0.505 
0.590 
0.575 
0.525 
0.450 
0.365 
0.285 
D.215 
0.044 
0.045 
0.O45 
0.043 
0.O42 
0.037 
F a « 
n u 
-/.«*• 
«!•" 
0.M2S 
0.002S 
ft.OKi 
0.0023 
O.OOIT 
0.0011 
0.0002 
0.M2T 
O.O020 
• . M M 
0.0022 
O.vMt 
o.owi 
0.0000 
o.ooos 
0.0M7 
eeMi 
0.DM1 
0.0044 
o.ooso 
0.0022 
0.0013 
0 M M 
0.0003 
l m 
(han 
u. 0001 
lOatariat 
• W M H M 
« » / t 
U 
90 
» 
54 
50 
4 2 
2 f 
SO 
SS 
S I 
4 3 
» 
20 
22 
I T 
M 
• 0 
w 
»7 
M 
«* 
S5 
4 3 
3 2 
S. 6 
S. 7 
6 . 7 
( . 4 
6 . 2 
S. i 
FMiUM 
émm rate 
- * / i 
12« 
132 
115 
122 
113 
102 
CC 
154 
151 
145 
130 
116 
95 
T I 
5 4 
I K 
1 * 1 
H M 
I M 
1*2 
151 
130 
104 
• 1 
14.0 
14.7 
I4.B 
15.0 
14.6 
U . 4 
L 
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Position 
cm above 
centrepl. 
4VCH-5 
- IS 
- 10 
- 5 
0 
• 5 
10 
20 
30 
40 
SO 
4VGR-6 
- 10 
0 
• 10 
20 
30 
40 
SO 
Delta 
temp. 
°C 
» 5 4 
0.B0 
a. 70 
•.62 
8.66 
».59 
8.52 
7.70 
6.92 
~6. M 
6.S4 
6.70 
6.50 
7.97 
7.S4 
6.33 
5.58 
Gaa-fap 
temp. 
°C 
107 
107 
107 
107 
107 
107 
105 
104 
104 
103 
111 
111 
111 
110 
110 
111 
111 
Table 3 .1 . 2 
Gaa-gap 
conduct. 
mW/°C 
I B . 8 
1 8 . 8 
1 8 . 8 
1 6 . 8 
1 8 . 8 
I B . 8 
1 8 . 7 
1 8 . 6 
I B . 6 
1 6 . 5 
1 9 . 1 
1 9 . 1 
1 9 . 1 
1 9 . 0 
1 9 . 0 
1 9 . 1 
1 9 . 1 
Nuc lear 
heat 
m W / a 
1 8 . 7 
I B . 8 
1 9 . 0 
1 8 . 9 
1 9 . 0 
1 8 . 8 
1 8 . 5 
1 6 . 7 
1 5 . 0 
1 3 . 1 
1 9 . 0 
1 9 . 3 
I B . 9 
1 7 . 6 
1 6 . 7 
1 4 . 1 
1 2 . 4 
continued 
T h e r m a l 
Dux 
n / c » » . 
. 1 0 ' « 
0 . 0 5 0 
O.OSO 
0 . 0 5 0 
0 . 0 4 9 
0 . 0 4 6 
0 . 0 4 7 
0 . 0 4 4 
0 . 0 4 0 
0 . 0 3 5 
0 . 0 2 9 
0 . 0 4 7 
0 . 0 4 6 
0 .04S 
0 . 0 4 3 
0 . 0 3 9 
0 . 0 3 5 
0 . 0 2 9 
rut 
f lux 
n / c m a 
i I 0 H 
lees 
then 
0 .0001 
leae 
than 
0 .0001 
M a t e r i a l 
done r a t e 
m W / f 
7. S 
7 . 5 
7 . 5 
7 . 3 
7 . 2 
7 . 0 
6 . 6 
5 . 9 
5 . 2 
4 . 4 
7 . 0 
6 . 9 • 
6 .B 
6 . 4 
5 . 9 
5 . 2 
4 . 4 
Posi t ion 
done r a t e 
» » / I 
1 1 . 2 
1 1 . 3 
1 1 . 5 
1 1 . 6 
1 1 . 8 
1 1 . 8 
1 1 . 9 
1 0 . 8 
9 . 8 
8 . 7 
1 2 . 0 
1 2 . 4 
1 2 . 1 
1 1 . 2 
10. B 
8 . 9 
8 . 0 
J 
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Table 3,1, 3 
In-pile isothermal calibrations or A2S/2 
Exper . 
hole 
IV2 
4VGR-3 
4VGR-3 
4VGR-3 
4VGR-3 
Pos i t ion 
cm above 
centrep l . 
- 10 
- 10 
- 10 
+ 15 
+ 15 
+ 30 
+ 30 
+ 30 
+ so 
+ 80 
+ SO 
+ 110 
+ 1 1 0 
+ 110 
G a s - g a p 
temp. 
°C 
175 
190 
202 
110 
112 
99 
100. a 
1 0 2 . 4 
78 
a-
B2 
61 
63 
65 
E lec tr i c 
s a m p l e 
power 
m W / g 
0 
4 9 . 1 
1 0 0 . 3 
0 
9 . 0 2 
0 
7 .86 
1 2 . 2 8 
0 
6 . 2 2 
8 . 9 5 
0 
0 . 9 9 
3 . 9 8 
Delta 
temp. 
°C 
6 6 . 7 
8 2 . 8 
101.1 
9.41 
1 4 . 2 3 
8.71 
12. 62 
1 4 . 8 9 
4 . 2 9 
8 . 0 5 
9.81 
2 . 1 0 
2 . 7 5 
4.81 
Calculations by m e a n s 
ln -p i l e cal ibr. Out-of -pi le cal . 
Gas -gap 
conduct 
m W / ° C 
2 5 . 9 
16 .1 
17 .1 
1 5 . 0 
1 2 . 6 
Nuclear 
heat 
m W / g 
200 
17 .6 
17 .4 
7 .4 
3 . 0 
G a s - g a p 
conduct 
m W / ° C 
2 3 . 9 
1 9 . 0 
1 8 . 2 
1 6 . 6 
1 5 . 4 
Nuclear 
heat 
m W / , 
186 
2 0 . 8 
1 9 . 3 
8 . 3 
3 . 8 
Table 3.1.4 
Maximum position dose rates normalized to computed power 10.000 MW 
Pos i t i on 
7V1 
7V2 
7V3 
7V4 
4V1 
4V2 
4V3 
4V4 
Computed 
power 
MW 
9 . 8 6 
9 .76 
9 .24 
1 0 . 0 4 
9 .84 
9 . 8 2 
9 . 8 6 
1 0 . 1 0 
Max. pos. d o s e rate 
m W / g 
Measured 
169 
129 
131 
200 
60 
56 
93 
86 
Normal i z . 
172 
132 
163 
199 
61 
57 
94 
85 
Posit ion 
4VGH-1 
4VGR-2 
4VGR-3 
4VGR-4 
4VCR-5 
4VCR-6 
Computed 
power 
MW 
9 .90 
1 0 . 0 0 
9 90 
9. SO 
9 . 4 0 
1 0 . 1 5 
Max. pos . d o s e rat« 
n . W / j 
Measured 
1 3 . 3 
1 0 . 6 
1 5 . 0 
11 .1 
1 1 . 8 
1 2 . 4 
N o r m a l i s . 
13 .4 
1 0 . 6 
1 5 . 2 
1 1 . 7 
1 2 . 6 
1 2 . 2 
. 78 - HOURS NO.« 
REAKTOR DR-3 
POSITION DOSE RATE IN _Z*I 
MEASUREMENT DATA PERIOD N. J l _ 
CALORIMETER A 2 5 / 2 .. 
COMPUTED ROWER 9.R6 MW 
CCA ANILE 23 .88 3 
K R RoiiTiOM 29.7cm 
DATE Of MEASUREMENT 2 9 / 1 2 / 6 5 
CORE CONFIGURATION N» 92 
- 7 9 -
REAKTOR O R - 3 
POSITION DOSE RATE IN 7v? 
MEASUREMENT DATA 
1=1 
IS 
us 
Iffi 
~n~: 
I 
s 
®% 
æ 
jjg 
j j . 
ra 
1 pi 
aa 
s| 
ITT 
i i 
:r 
3 
SS 
HS 
I S 
«»: 
•v.-
: : i . 
;':' 
^ 
§=£.? 
!r:ijn: 
isfe 
pp! 
:S:p 
!:;fe. 
'-:*& 
•=••{•:•: 
fcifii; 
iiujin; 
ilife 
4= gib 
ste; i-;-h:r" 
Hife 
illiki 
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11:1 
iTH 
R'T.-.: 
• ; = ! • ; • 
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:::.r:.-
•i-ifci 
riiitiii^ 
;i;:k:' 
• : : ! : : . 
: ::r 
1 
CALORIMETER 
COMPUTES P-OWI 
CCA. ANCLE. 19 
FCR. POSITION 
DATE OF MEAEU 
CORE CONFICUR4 
Siljiii* 
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:;-.:.::. . 
Ri-
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. 80 - n«UW MLB 
REAKTOR OR-3 
POSITION DOSE RATE IN IYA- .. 
MEASUREMENT DATA PERIOD N. _fi5 
CALOMMCTCII A, 25 /2 r 
CONFUTED H i l l . 9.24 MW 
C M «H*ii 21.694" 
FC» POSITION 
MTE OF MEMUREHENT 2 4 / 2 / 6 6 
COKE CONFICURMION N« 94 
. St ricwc m.n 
REAKTOR OR -3 
POSITION DOSE RATE IN 7 « 
MEASUREMENT DATA PERIOD N. 69 
CALt*incic* A 2 V ? 
COMTUTC* »own I O J K M W 
cc« M C I C ? 6.9.58° 
rc» position ^ 
MIC or MCMUHME« 1 ^ / 6 / 6 6 
COM CMFISJUHION «• 9J^ 
- 82 - FKURE M L | ) 
REAKTOR OR -3 
POSITION DOSE RATE IN jt3U 
MEASUREMENT DATA PERIOD N. 31 .. 
CALORIMETER A . 2 5 / 2 
COMPUTED POWER 9 J i * J 1 5 B l _ _ _ _ 
cc» ANCIE 19.276° 
PCR POSITION _ — 
0»TE OP MEASUREMENT 1 8 / 1 / 6S 
CORE CONPISURATION N. 8_0 
. 83 - FIOURE NO.il 
REAKTOR DR - 3 
POSITION DOSE RATE IN tv 2 
MEASUREMENT DATA PERIOD N. _£1 
CALORIMETER. A 2 5 / 2 
COMPUTED POWER 9.82 MW 
CCA »Hil« 2 2.3 BO ° 
r e * POSITION _ _ ^ ^ ^ 
DATE OF MEASUREMENT ?S/10 /65 
CORE CONFIGURATION M. 9 0 
84 - ri«u»c m.ti 
REAKTOR OR-3 
POSITION DOSE RATE IN ty3 
MEASUREMENT DATA PERIOD N. 59 
CALORIMETER A 
COMPUTED POWER. 
CCA 
FCR 
DATE 
CORE 
AHRLt. 
POSITION 
OP MEASUREHE 
CONFIGURATION 
25/2 
9.86 MW 
28.861° 
-
,T 6/9-1965 
N. 88 
8 5 • FICIME NO.M 
REAKTOR DR-3 
POSITION DOSE RATE IN 4v t 
MEASUREMENT DATA PERIOD N. £2-
CALORIHETER 
CCA ANCl t 
FC* POSITION 
DATE OF MCACU 
CORE CONFISUR 
A ?5/2 
ER 10.10 MW 
25.086° 
-
REMENT 2 5 / 1 1 - 1 9 6 5 
»TION M. 9 1 . 
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- 86 - FICORE NR.H 
REAKTOR OR-3 
POSITION DOSE RATE IN * V B R - I 
MEASUREMENT DATA PERIOO N. _A4_ 
CALO 
COMP 
CCA. 
FCR. 
DATE 
CORE 
RIMETER A^ 
UTEO POWER 
ANILE 
POSITION. 
OF MEASUREMENT 
CONFIGURATION Na 
?5/2_ 
9. 90 MW 
31.695° 
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12/8-1965 
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- 87 - FICUM m.U 
REAKTOR OR-3 
POSITION DOSE RATE IN LVGR-2 
MEASUREMENT DATA PERIOD N. 83 
A25>2 
COMPUTtD K m t « 10.00 MW 
c c * » M i l 2 1 . 2 6 0 " 
»tn POSITION — 
DATi or Mt* tumnt»T 23[ »2-1965 
C O M CONFMMMTIO« «•. 92 
- 88 - F is«« non 
REAKTOR DR-3 
POSITION DOSE RATE iN 4¥fiR-J 
MEASUREMENT DA'A PERIOD N. 64 
CALORIMETER A 2 5 / 2 
COMPUTED ROWER _ 9 . 9 0 M W 
CCA ANCLE 2 1 . 3 5 8 ° 
FCR RO1ITI0N — _ 
DATE OF MEASUREMENT 27/_l_^9B6 
CORE COHFIGURAIIO* N« 9 3 
. 89 . PttURE NO. H 
REAKTOR DR -3 
POSITION DOSE RATE IN •vsp-t 
MEASUREMENT DATA PERIOD N. 60 
CALORIMETER A ?5/2 
COMPUTED POWER. . 9. 50 MW 
cc» ANOIE ?5.229° 
pc«, position — 
DATE OP MEASUREMENT */t0-l965 
CORE CONPISURATION N» 99 . 
runnt 
- 90 - r iwimc iron 
REAKTOR DR-3 
POSITION DOSE RATE IN ÅVAW-S 
MEASUREMENT DATA PERIOD N. 65 
CALORIMETER A 25/2 
COMPUTED POWER 9 . 4 0 M W 
CCA A N I L t . 1 7 . 9 9 9 ° 
PCR. POSITION — 
DATE OP MEACUREHCNT 1 2 / 2 - 1 9 6 6 
CORE CONFISCATION N» 9 A -
- 91 - FIGURE NO. M 
REAKTOR OR-3 
POSITION DOSE RATE IN *VGR-B 
MEASUREMENT DATA. PERIOD M. 66 
CALORIMETER A 25/? 
CONFUTED POWER. 10.15 MW 
CCA ANELE I 9 . 2 4 7 0 
FCR POSITION — 
DATE OF MEASUREMENT 16 /3 1966. 
CONE CONFISCATION N« 9 5 . 
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3. 2. Scannings of the Core by Means of Calorimeter 16 
3. 2 .1. Methods and Techniques 
All core positions which are equipped with a flux-scan tube can be 
scanned by an 16 calorimeter. The standard flux-scan tube used in DR 3 
is an aluminium tube with inner/outer diameter 7.8/9. 5 mm (5/16"/3/8"). 
Also slighty curved flux-scan tubes as those installed in Mk. 2 fuel elements 
can be scanned by an 16 calorimeter. 
The equipment for insertion and withdrawal of the calorimeter is de-
scribed in 1. 6 and shown schematically in fig. 10. By means of 8 cable 
cams spaced 10 cm apart, vertical scans are performed from 30 cm below 
to 40 cm above the core centre plane. The measurement time in each posi-
tion is set at 8 minutes. Two special cams constitute the lower and upper 
limit switches. The latter stops the calorimeter in the top plug for "cooling1 
(decay) after a scan. Generally, the scans are made during upward move-
ment of the calorimeter. 
Including the time needed for withdrawal of the calorimeter, movement 
of the gear plug to a new position and re-insertion of the calorimeter in the 
core, a measurement takes ideally 1 1/2 hours if the operator is not oc-
cupied with other experiments. Generally 4 positions are scanned in each 
8-hour shift. Thus, a full core scan is made within two days. 
The calorimeter type was gradually modified during the making and 
operation of the first six serial numbers. The design stayed unchanged 
from 16/7. Fig. 5 shows an X-ray photo of 16/7. 
Routine scans of all accessible positions in the core were made at the 
beginning and at the end of nearly every reactor run (three weeks1 continuous 
reactor operation) since May 1 969. The calorimeters were in operation as 
follows: 
16/7 reactor runs 108 - 110 (May - August 1969) 
16/8 reactor runs 111 - 11 7 (August 1 969 - March 1970) 
16/9 reactor runs 118 
The calorimeters 16/7 and 16/8 failed at open T/C-circuit. Repair was 
impossible because the radiation from the long-lived isotopes in the heater 
and thermocouple wires was too high. 
The material dose rate calculations in 2, 5. 2 are based on calorimeter 
16/9, but they are also applicable to 16/7 and 16/8 as these calorimeters 
are identical with respect to materials and geometrical size. 
- W -
3 .2 .2 . Calibrations 
By means of the built-in heater wire the 16 calorimeter can be elec-
trically calibrated. If the resistance of each of the two wires in the heater 
loop is 
w * r ohms/cm, 
and the current is i amps., the heat deposition in the sample rod at elec-
trical calibration out-of-pile is 
r • i 2 W/cm. 
As the aluminium weight of one cm of the rod is 
A • V g/cm, 
where A i s Hie rod cross section and V the aluminium density, we have 
ideally 
.2 
a.' " x r V w / f o <«> 
where q' i s the nuclear heat in an in-pile measurement which produces the 
same delta temperature between the rod ends as the current i in an out-of-
pile calibration. 
However, these idealized conditions are not quite realistic. The main 
objections are: 
(1) The thermocouple and heater cables contribute to the heating 
of the rod when exposed to nuclear heat. 
(2) The heater and Umer thermocouple are not carried right to 
free end of the rod. 
(3) The parameters r, A and V are temperature-dependent. 
Correction for (1) can be made by the following consideration: 
The alloys in the cable sheaths and wires are Co, Ni, Al, Cr, and 
small amounts of SI, Fe and Mn. As the mass ^-absorption coefficients 
of these metals have nearly the same spectrum in the range 1 - 3 MeV, 
which i s the most significant part of the reactor Y-spectrum, the relative 
contribution of the cables to the nuclear heat in the rod can be approximated 
- 94 -
by the relative cable mass in the rod. The axial heat conduction in a cable 
is negligible. The relative mass i s 
for each cable, where M g/cm denotes the mass of one cable. Consequent-
ly the nuclear heat found from eq. (49) has to be corrected to 
o £m— • £ • <50> 
, . c n 
1 +
 A - V 
where n is the number of cables. 
The actual values of k are given in table 3. 2 .1 . 
Table 3. 2.1 
Corrections for nuclear heat in rod cables 
Rod section with 1 cable 
Rod section with 2 cables 
n 
1 
2 
M c 
(uig/cm) 
11.6 
11.6 
A 
/ 2, (cm ) 
0.124 
0.122 
V 
(g/cm2) 
2.7 
2.7 
k 
n 
1.0353 
1.0706 
In order to give an answer to objection (2), more detailed calculations 
than those shown in 1.3. 2 are needed. 
In fig. 11 the rod is divided into three sections. 0-x. . x -x. and x.-x 
° ' V v i i y 
with 0. 1 and 2 cables in the rod. Cross sections as well as nuclear heat 
depositions change from section *n section, so an exact calculation necessi-
tates successive treatments of the individual sections. 
Below formulas for an arbitrary section will be deduced. 
In 1. 3. 2 the rod is treated as a whole, and it is assumed that the tem-
perature gradient in the free rod end is 0, This is not the case in an arbi-
trary sectioii, and consequently eq. (1) in 1. 3. 2 must be modified to 
Z x = ¥ < T a - T x ) + Z a . <») 
fieta tir oatorimetv 36/9 
_*liX 
P" .«« 
»•*>* 
I I 
u 
A,em' 
fa i * *« 
J ^ « * Xy J ^ - * 
/4, • tf//<• cw' 
At-A/14 «"' 
/», • « « f «w' 
* r» 0.1SCM 
*t* o./fcm 
Kv~ 3.59cm 
9i-
*• 
• » • 
HM k//,AI 
S. tot V/f Al 
t.Ht W/mAI 
A,o»- A,<*f 
Heater 
Inner T/C 
Outer T/C 
Calorimeter J6. Principle diagram for calibration calculations. 
f 
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where index "a" refers to the section boundary closest to the free end of 
the rod. For simplicity we put 
and find 
- g J L = Z x = - ^ 4 C ( T a - T x ) + z 2 . (52) 
It is evident that Z will not be positive. 
By integration we find 
T a | 4 C < V T X > + Z a 
* - *a" nrOF«vv«rX* = ré ( |* c(W4+ za) • <53> 
a 
and consequently 
T , - T a - (x-xa)2 • C + (x-xa) • Z a .. (54) 
When the temperature Ta and temperature gradient Z at one end of 
a rod section are known, the corresponding T. and Zb at the other end of 
the rod section can be calculated from eqs. (54) and (52) as 
T b * T a " ( xb " xa>2 ' C + ( *b " *a> Z a <*B> 
and 
Z b = - | 4 C ( T a - T D ) + Z a . (56) 
By c r o s s i n g the boundary between two sec t ions a discontinuity in the 
temperature gradient i s introduced. Consequently Z. cannot b e u s e d 
d irec t ly a s "input value" to the calculat ion« for the subsequent sec t ion . 
- 9 7 -
Consider the infinitesimal rod sections around x in fig. 11. The heat 
equations for the two sections are 
«i + «Y1 * «x 
Qi + % • Q« • 
(57) 
By means of the conventional equations for heat transfer eq. (57) is 
expanded to 
-K • Aj • Z ^ + q3 -V-Ag-dx - -K- A ^ Z ^ - q ^ - V - A4<1* 
(q?A3 + q4A4)Vdx = K(A3 • Z ^ - A4 • Z ) . 
which gives the discontinuity of the temperature gradient for dx -. 0 
A , 
"3 
t / d x " "AJ " y d x • (58) 
The temperature T i s now calculated for in-pile measurements and 
for out-of-pile electrical calibrations by means of eqs. (55), (56) and (58) 
used on the rod sections 
1 : 0 - x v 
2 : x v - x^ 
3
 •• *i-*y 
fr-wl* (C = $ > 
1. x » 0 : T " T ^ Z - 0 
V T v " T o - *v • C k l "vl -2Ck,a 
2. x ' V 
*1 Z v2 ' - 2 C V v ^ 
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x * *? Tj = T ^ C k , -(x i-xv)2Ck2-2(x i-xv)Ck,xv ^ 
• *i: Z12 * "2C i k 2 « W 2 V2<Vxv» E *|V* p *? 4 
3
- * • * i : z i 3 • sf • zi2 
.2 
Out-of-pile: O s ^ j = q j ^ = CA) 
1. x =• 0 : T = T„ ; Z = 0 
-
 v T r V ( x r x v ) 2 • | L ; Z „ - -2(x1-xv , ^ 
Zi3 = - 2 « V V ^ 
* - v v T i -(vxi)2 • A - **,~o « w £> 
(59) 
(60) 
If a nuclear heat qW/g produces the same rod delta temperature 
(T--T )°C ae a current i amp, in an out-of-pile calibration, eqs . (59) and 
(60) give the relation between q and i 
" i 2 „ 
. r i 2 » y + * i - 2 * v 
- ^ 
V i V 2 A^fri-vV^VV jqkiVf ^ "i V2 
(61) 
9 9 . 
where the correction factor for the cable geometry k is defined by the 
equation. 
Actual values of k for the calorimeters are given in table 3 .2 .2 . 
Table 3 .2 .2 
Corrections for calorimeter cable geometry 
16/7 
16/8 
16/9 
^ ( c m ) 
0.17 
0.14 
0. i 6 
Xjlcm) 
0.20 
0.19 
0.18 
* , ( c m ) 
3.52 
3.61 
3.59 
k c 
0.852 
0.868 
0.858 
In the method of electrical calibration it is assumed that the mean rod 
temperature T„ i s the same at calibrations as at in-pile measurements 
with the same rod delta temperatures. This implies that errors from heat 
losses through the gas gap and from variation of the rod mean temperature 
are eliminated. 
Consequently, in the treatment of objection (3) it i s not necessary to 
evaluate the temperature corrections for the rod cross section A and the 
rod density V. Only the temperature correction of the heater loop resist-
ance r is relevant. 
The actual value of the heater loop resistance r ohms/cm during a 
calibration depends on the rod mean temperature T_ and the heater load 
which produces an excess heater temperature oT above T„: With a 1 -core 
model equivalent to the 2-core heater we find 
aT 
• n "^ (65) 
where the mineral insulator of the cable has an inner and outer diameter dj 
and d2 and heat conductivity X. 
With 
r • 3.38 ohms/cm 
d, • 0.018 cm 
0.035 cm 
0.0084 W/°C- cm 
"2 
. 100 . 
we find 
AT = 4 2 . 4 - i2 ° C , (68) 
and thus the heater temperature correction kp is given by 
rTR+AT = r - k r * r(1 + o r ( T R + 4 2 . 4 i 2 - 2 2 » . (6T) 
The temperature coefficient is 
« r = ' • )0"4(oC)"'. 
The heater loop resistance r should be four times the unswaged heater 
cable loop resistance R if the swaging is made correctly. Both values are 
given in table 3. 2.3 for comparison. The value r was measured on the 
heater leads of the stripped calorimeter after the calorimeter was taken 
out of operation. 
Table 3 .2 .3 
Calibration heater loop resistance 
16/7 
16/8 
16/9 
R 
(ohms/cm) 
0.8532 
0.8472 
0.8460 
4R 
(ohms/cm) 
3.41 
3.39 
3.38 
r 
(ohms/cm) 
3.37 
3.43 
3.42 
The expression for the nuclear heat, including the corrections deduced 
above, is then 
r - i 2 
The calibration result for each calorimeter is a plot of the measured 
rod delta temperature 
iT * Tj - T 
JHOl -
versus the applied temperature-corrected heat per cm rod length: 
. - .
 s2 W, see figs. 19, 20 and 21. 
The slope of a linear fit through origin is the calibration factor 
' c " * - -
The calorimeter sensitivity f is defined by 
q • f_ • AT . 
(69) 
(70) 
The relationship between f and f is found by means of eqs. (68), (69) 
and (70): 
f « 
K W1 ko 
C 1 C 
~KV ' ST AVT c 
(71) 
The calibration factors and the appropriate sensitivities are listed in 
table 3 .2 .4 . For comparison i s also given the calibration factors calculated 
from the known physical constants and corrected for the heat transfer through 
the gas gap. This calculation will be found in the Appendix. 
Table 3 .2 .4 
Calibration factor and calorimeter sensitivity 
16/7 
16/8 
16/9 
fc(°C • cm/W) 
calculated 
21.0 
22.6 
22.0 
fc(°C • cm/W) 
measured 
21.2 
22.6 
21.2 
f„(W/g • °C) 
0.121 
0.116 
0.122 
In the calculation of f. the constants 
_2 Aj • 0.123 cm , Aj • 0.125 c m , A. • 0.126 cm 
V » 2.70 g /cm 3 
are used. 
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3.2. S. Results 
A typical isothermal measurement result is shown in fig. 22 which is a 
cut of the aT- recorder paper. The recorder sensitivity and sero adjust-
ment were checked daily during the measurement series. 
A rough scan of the rod temperature during the measurements was made 
by switching the fixed rod and thermocouple to a separate recorder during 
each 10 cm movement, where the thermocouple was not in use for the delta 
temperature measurement. These scans showed that the rod temperatures 
were about the same, 70-100°C, as during the calibrations. In that tem-
perature range the thermocouple sensitivity is fairly constant, see fig. 16, 
about 42.2 uV/°C, which is why this figure is used in all measurements for 
the relation between AT and the recorder paper readings. The conversion 
ratios obtained from the sensitivities in table 3.2.4 are 
Table 3.2.5 
Conversion ratios 
Recorder range 
Conversion 
Ratio in 
W / g . cm 
16/7 
16/8 
16/9 
1.2 V (2.370 °C/cm) 
0.287 
0.27S 
0.269 
0.6V{l .1B5°C/cm) 
0.143 
0.138 
0.145 
The measured'nuclear heat is split into material dose rate and position 
dose rate in accordance with their definitions in 2.1.2. By means of the 
thermal and fast values and the calculated conversion factors from tables 
2.5.13 and 2.5.14 the material dose rates are found. 
Some characteristic results are given in table 8.2.6 and plotted in figs. 
37 - 43. These results were selected among several hundred measurements 
on the basis of the criteria that 
(1) The measurements are mads In fuel element« of the Mk. 4/9 type 
with an actual U235 content of about 100 g. The Mk. 4/9 type con-
tains initially 116 g U235. 
(2) There is one representative from sack of the seven tost element 
groups, the elements in each group having the same distance to 
the vertical core centre axis. 
- 1 0 6 -
Figarttt 
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The results were treated by the Burroughs B 6700 computer by means 
of code Ho. P SSOt D06ESEPARATION. In table 3 .2 .6 is given outputs of 
P 630. The symbols used are: 
KTEMP 
KTEKM 
KFAST 
KP 
DAY 
P06.NO. 
ELNO 
KPLENGTH 
CAM NO. 
DELTATP 
TFLBX 
FFLUX 
MATDOSE 
POSDOSE 
USTART 
USTOP 
UVAEGT 
Conversion ratio T»//g per cm as listed in table 3 .2 .5 . 
Thermal neutron material dose factor in mW/g per 10 14 
„14. 
n/cm sec as listed in table 2 .5 .23 . 
Fast-neutron material dose factor in mW/g per 10 * n/cm2sec 
as listed in table 2 .5 .14, 
Reactor run No. 
Day No. in the reactor ran when the measurement was made. 
Core position No. (Al = 1, A2 • 2 E4 = 26). 
Manufacturing No. of the fuel element. 
Number of days of the actual reactor run. 
Vertical position identification (1 » -SO cm, 2 • 20 cm, . . . . 
8 • +40 cm above core centre plane). 
Delia temperature measured by the 16-calorimeter in terms 
of "cm recorder paper reading". 
14 2 
Thermal flux in terms of 10 n/cm sec. 
Fast flux in terms of 10 n/cm sec. 
Material dose. 
Position dose. 
U235-content at start of the reactor run. 
U2S5-content at end of the reactor run. 
U235-content at time of measurement. 
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Table 3. 2.6 
D o s e r a t e s i n t h e f u e l e l e m e n t g r o u p s w i t h 1 0 0 g U 2 3 5 - c o n t e n t 
= = . — » P 1 2 1 U»Y go 
C»H NO OELTATp 
i ~ ~ S 1 : 1 2 . 7 6 ^ 
2 1 3 . 4 4 
J-MJ^i: a 1 3 . » » 
4 1 4 . 0 4 
v s £ : ^ : . v 5 1 2 . » 6 
~ ' 6 1 0 . 4 0 
é^-'^'z 7 5 . 3 « 
8 O.OO 
POS HO 
TFLOX 
1 . 2 4 4 
1 . 2 8 2 
1 . 4 3 0 
1 . 4 8 4 
1 * 4 2 3 
1 . 2 6 0 
1 . 2 1 5 
U . 0 0 0 
•--•-..."MEAN POS O U S t • 1 . 4 2 4 
USTART » U i . 4 
KP 12S B»» 2 2 
C»M NO 0 E L T « T p 
" -/iy:JL:.l.~i . 9 . £ V > -
- „ 2 - 1 1 . 5 1 . 
; y . 3 1 2 . 4 5 „ 
4 1 1 . 3 2 
s io.r» 
6 8 . 7 9 . 
- 7 . 4 . 4 1 
a o.oo 
US TOP < 
POS NO 
Trtux 
1 . 1 6 9 
l . l « 6 
1 . 3 2 1 
1 . 3 6 9 
1 . 3 0 4 
1 . 1 4 5 
1 . 0 « 
0 . 0 0 0 
M E * * POS DOSE • 1 . 1 5 3 
USTART » U 5 . 6 
KP 1 2 0 DAY 2 
CAM NO OELTATP 
1 8 . 9 1 
2 1 0 . 8 5 
3 1 1 . 2 3 
4 1 1 . 2 0 
5 1 0 . 2 4 
6 8 , 1 3 
7 4 , 1 0 
8 2 . 3 9 
MEAN POS DOSE • 
USTART • 1 0 3 , 8 
KP 124 DAY 6 
CAM NU OELTATH 
1 8 . 4 1 
2 1 0 . 1 2 
3 1 1 . 0 1 
4 10.67 
5 9 , 7 0 
6 7 . 5 3 
7 3 . 9 0 
"
:
 ~ 8 0 . 0 0 
MEAN POS DOSE 
USTART i- 1 0 Z . 3 
USTOP • 
PUS NO 
TFLUX 
1 . 2 2 5 
1 . 1 0 5 
1 . 1 8 5 
1 . 2 7 5 
1 . 2 4 0 
1 . 0 9 0 
0 . 9 0 5 
0 . 8 9 0 
1 . 0 9 2 
USTOP • 
POS NO 
U t o x 
1 . 1 3 6 
1 . 1 1 6 
1 . 1 9 3 
i •mio 
1 . 1 * 4 
n.att, 
v*r?j 
0 . 0 0 0 
• 1 . 0 4 8 
U i T O P « 
13 i L N O 
r f 'LUX 
0 . 0 4 9 
o.«» 
0 . 3 3 0 
0 . 3 5 0 
o . : t » i 
0 . 3 1 7 
0 . 2 4 0 
0 . 0 0 0 
UPUSUOSE 
U l M S U U S t 
4 9 9 3 < V P L E » G T H 2 3 . 5 
„ 4 T U 0 S E 
J . 1 9 S 
0 . 2 7 7 
0 . 3 2 4 
. 1 . 1 3 9 
0 . 3 2 * 
0 . 2 * 3 
0 . 2 6 0 
0 . 0 0 0 
PUSuOSE 
1 . 6 5 5 
1 . 6 7 2 
1 . 6 b 9 
1 . 6 9 7 
i ' S 5 i " 
1 . 2 1 3 
0 . 5 2 0 
0 . 0 0 0 
H A t l U MEAN = 7 0 . 9 
K A t l O CCP * 5 9 . 7 
9 H . B UVAE6T * 
2 0 E L * 0 
F F L U X 
0 . 0 4 S 
- 0 . 2 4 0 
0 . 3 0 6 
0 . 3 2 4 
0 . 3 1 9 
0 . 2 9 3 
0 . 2 2 2 
0 . 0 0 0 
UP0S30SE 
UPOSDOSE 
1 0 1 . 3 
4 9 9 7 KP1-E*ISTH 2 3 . 5 
n»r0usE 
0 . 1 8 2 
0 - 2 5 6 
0 . 3 0 0 
0 . 3 1 3 
0 * 3 0 2 
0 . 2 7 0 
0 . 2 3 4 
0 . 0 0 0 
PlISDOSE 
1 . 1 5 3 
1 . 4 1 3 
l « 5 o 6 
1 , 3 2 8 
1 , 2 6 1 . . 
1 . 0 0 5 
0 . 4 0 5 
0 , 0 0 0 
RATIO MEAN » » 7 , 6 
RATIO CCP * 7 6 , 1 
l o o . i U V A E S T • 
I S ELNO 
FFLUX 
0 . 0 4 2 
0 . 2 2 2 
0 , 2 8 3 
0 , 3 0 0 
0 , 2 9 6 
0 . 2 7 2 
0 , 2 0 6 
0 . 0 5 4 
UPOSDOSE 
UPOSDOSE 
1 0 1 . 1 
4 6 6 2 KPLENGTH 2 3 , 5 
MATOOSt 
0 . 1 8 9 
0 . 2 3 8 
0 , 2 7 2 
0 . 2 9 1 
0 , 2 0 4 
0 . 2 5 4 
0 , 2 0 4 
0 . 1 4 6 
POSDOSE 
1 . 1 0 3 
1 . 3 3 5 
1 . 3 5 7 
1 . 3 3 3 
1 . 2 0 0 
0 . 9 2 5 
0 , 3 9 1 
0 , 2 0 0 
RATIO MEAN * 9 4 . 0 
RATIO CCP • 7 7 , 0 
9 0 . 0 uVAEGT • 
10 ELSO 
• FLUX 
0 .1 )37 
0 . 1 9 9 
0 . 2 ^ 3 
0 . 2 6 J ) 
0 . 2 6 « 
J . . J 4 1 
0 . 1 * 4 
11.WO 
UPUSUOSE 
UP0S0J3E 
1 0 2 . 6 
•199« KPtENSTH 2 3 . ! > 
MftTuuSt 
0 . 1 7 5 
» t l J i 
\>,ibi 
>*2bi) 
. ) . 2 6 5 
•1 .21S 
0 . 1 7 1 
0 . 0 0 0 
POSUUSE 
1 . 0 4 5 
1 . 2 3 6 
1 . 3 3 * 
i.itlzi 
1 . 1 4 2 
3 . 0 7 9 
0 . J 9 S 
U . 0 0 0 
RATI ! ) MEAN ' V 4 . 4 
R t T I O CCP • 7 5 , 7 
*'>.? UVAE6I « 9 7 . 0 
.117. 
KP 12« DAT" 20 
:CAH HO OtLTATe 
i' "r.M" 
S 10.10 
~"S " ».»» 
=^«;=s;..o.0o"^-
HEAN POS oose • 
PUS HO 
ITFLUX; 
"0.931 
=o;»58 
1.070 
-ri.lo«: 
ii053 
' 0.932: 
O. »25 
"0.000 
1.026 
USTART »110.6USTOP « 
2 ELNU »665 KPLrhbTH 23,6 
FFUI* KATDOSt POSDOSE 
0.03« 0.1*5 0.978 
" 0.1M 0.202 1.165 
0.230 0.236 1.22S 
~ 0.2«« 0.2*6 1.2(5 
0.2*1 0.238 1.211 
1:0.221 0.213 0.V2« 
0.167 0.192 il. 365 
0.000 0.000 0.000 
UPOSDUSL PATIO MEAN • »7,1. 
UPOSOUSE HAT 10 CCP • 77.5 
»7.7 (jVAEGT • -99.6 
r.KP 12* DAT 1» 
' CAM HO DELTATP 
PUS HO 
TFLUX 
0.310 
0.833 
0.931 
0.960 
O.»14 
0.611 
0.605 
0.000 
HtAH POS OOSE » 0.896 
6 .81 
6 .05 
"8.9* 
9 .33 
6 .61 
6 .99 
" 3 . 3 * 
0 .00 
USTAKT • 1 1 4 . 1 US10P « 
23 ELND 4»107 KPLEN6TH 2 3 , 5 
FFLUX HKFUOSE PtlSDOSL 
0 .030 0.126 3 .661 
0.150 0 .176 0 .991 
0.201 0 .206 1.093 
0.213 U.214 1.139 
3.210 » .207 1 .0*2 
0.193 3 .166 0 .628 
0 . 1 * 6 0 .160 0 . 3 1 ' 
O.iXIO 0.000 0 . 0 0 0 . 
UPUSbOSE KAT10 H£AM • 116.6 
UPdSUOSE WAT10 CCP • 9 1 , 6 
102.2 u'AtOl • 1 0 * . 5 
KP i?5 O*". 7 
CAH HO OtLTATp 
POS HO 
»FLUX 
0 .810 
0.620^ 
0 .923 
0 . 9 * 5 
0 .851 
0 .685 
0 ,517 
0 , 000 
HEAN POS DOSE * 0 .76« 
6.16 
l.it 
6.2* 
8.00 
- 7.00 
5.2* 
2.76 
0.00 
UflfART • 10'*. 1 USTOP 
10 ELHO 49IO5 KPLpHSTH 23.5 
FFLUX H*TøOSe POSDOSE 
0.026 0.125 0.766 
0.1*7 0.170 0-»2» : 
0.187 0.200 - 0.995 
0.196 0.207 0*953 
0.195 0.192 0.823 
0.179 0.163 0.600 
0.136 0.123 0.277 
0.000 0.000 0.000. • 
UPOSOnSE RATIO MEAN • 132.7 
UPUSOOSE RATIO CCP • 106.3 
> 94.7 pVAEGT * 101.3 
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In the cases where one or more of the input values of table 3.2.6 were 
lacking, 0.000 i s stated. 
The curve shapes are dependent on the CCA-angle, as expected. The 
shape changes also at the core borders, i. e. at +30 and -30 cm above the 
core centre plane (CCP). 
As a major part of the nuclear heat is Y-heat from the fissions and the 
fission products of short life, the position dose rate is strongly dependent 
on the power release in the fuel element itself and in the nearest fuel el-
ements. 
The power release in a fuel element increases with increasing U235-
content. Consequently the position dose rate should behave similarly. 
An example is shown in fig. 44 where the mean position dose rates 
measured during the in-core life of fuel element no. 4994 are plotted versus 
the U235-content. The fuel element was placed in position A4 and had an 
initial content of 11 5 g U235. The deviations from a smooth curve are 
mainly caused by changes in the fuel contents of the surrounding fuel el-
ements and the position of the coarse-control arms. Measurements in a 
dummy fuel element (0 g U235) in D4 in reactor run 124 showed that the 
contribution from the surrounding elements to the position dose rate amounts 
to about 45% of the mean position dose rate. 
Statistics based on a few measurements in each core position indicate 
that the mean slope of the linear regression curves of position dose rates 
versus the U235-content in the respective elements i s 
0.0035 W/g per g D235. 
A line with this slope is also shown in fig. 44. 
its 
|ft««rt ttit. Jo-Oft Ufe tf 
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Table 3 .2 .7 
Mean position dose rate variation through the in-core life 
fuel element No. 4994 in position A4 
Reactor run No. 
121 
121 
122 
123 
123 
124 
124 
125 
125 
126 
126 
Day No. 
2 
22 
19 
5 
19 
6 
20 
6 
20 
5 
19 
Mean position 
dose rate (W/g) 
0.954 
0.951 
0.773 
0.826 
0.725 
0.766 
0.782 
0.722 
0.731 
0.647 
0.760 
U235 weight 
in A4 (g) 
115 
105 
95 
91 
85 
81 
75 
71 
66 
64 
59 
In spite of the thorough calibrations of the calorimeters as described 
in 3 .2 .2 , the three serial nos. 7, 8 and 9 of the 16-type apparently give 
deviating responses. This is discovered by comparison of all measure-
ments in each of the fuel elements, where the results fall into three groups, 
each belonging to one of the calorimeter serial numbers. 
The reason may be that the three calorimeters perform differently in 
spite of their identical geometrical construction and their nearly merging 
calibration curves. Investigations going on at the moment (January 1972) 
concern the heat conductions at the insulated hot junctions of the thermo-
couples. The nuclear heat may raise temperature gradients here during 
in-pile measurements, large enough to explain the deviations. 
However, the explanation might also be the quite simple one that the 
nuclear heat has actually changed from the time when 16/7 was in operation 
to the time when 16/8 was in operation and farther on to 16/9 owing to the 
changes in core configuration and rig load. 
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4. UTILIZATION OF RESULTS FOR PREDICTION OF NUC1ÆAR HEAT 
4 . 1 . Need for Dose Separation 
Division of nuclear heat into position and material dose rates facilitates 
an accurate prediction of nuclear heat in a reactor experiment. 
The position dose rate in a selected experiment hole is independent of 
the experiment installed in the hole as long as heavy gamma-absorbing ma-
terials are not present in the rig construction. This implies that the posi-
tion dose rates measured by means of the Y-calorimeters can be used direct-
ly in most cases. 
The material dose rate depends on the choice of materials in the rig, 
the weight of the materials and their assembly. Therefore the material 
dose rates differ from rig to rig, and those of the calorimeters are gener-
ally not applicable to the rig design. However, the methods of calculating 
the material dose rates in the calorimeters are applicable to rig design. A 
guide on material dose rate calculations for rigs will be given in the fol-
lowing pages. 
In some cases an exact prediction of the nuclear heat iB not necessary. 
An example i s a rig containing fissile material where the nuclear heat i s 
only a minor fraction of the total heat deposition in the rig. In that case 
the uncorrected nuclear heat as it i s measured by one of the calorimeters 
may be a sufficiently good approximation to the nuclear heat in the rig. 
4 . 2 . Calculation of the Position Dose Rate in a Big 
Tables 3.1.1 and 3 .2 .6 give the vertical distribution of the position 
dose rates in the experimental holes outside and inside the core respectively. 
The units are watts per gram of material, and as the mass Y -absorption 
coefficients of the conventional rig construction elements are nearly equal 
in the energy range t - 3 MeV, which i s predominant in the Y-spectrum of 
the reactor, the position dose rate fraction of the beating can be found simply 
by multiplying the position dose rate value from the table by the mass of the 
element in grams. 
If very heavy rig structures are used, the Y-fteld may be perturl •» 
and the dose rate will be smaller than that calculated as above. This devia-
tion will not be calculated here because heavy rig structures are infrequent 
as they are unwanted from a reactivity-consumption point of view. 
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4 .3 . Calculation of the Material Dose Rate in a Rig 
The most convenient procedure is to classify the rig construction in 
groups of either cylindrical or plane shape and calculate for each element 
in the groups the heat deposition 
(a) from the other components, and 
(b) from the component itself. 
Each component should consist of only one material, and it should be 
concentric to the vertical rig axis. In practice, all major components in 
rigs can be classified in this way by a good approximation. 
As the material dose rate comprises the heating by the radiation from 
interactions between the thermal and fast fluxes and the rig structure, the 
following reactions should be considered: 
(1) Thermal neutron capture 
(2) Decay of nuclei produced by thermal-neutron capture 
(3) Fast-neutron reactions. 
Only the common (n, Y)-reaction and (a" + Y)-decay will be considered 
here. Materials in which reactions and decays are accompanied by release 
of a-particles or protons are seldom used in rig constructions as they entail 
very high heating rates. 
The calculations are performed by treating each of the components in 
the rig assembly in turn as a target for the emission from the component 
itself as well as from the remaining rig components. 
The deductions of the formulas are similar to those in 2. 2, 2. 3 and 2.4 
where the calorimeter sample was the "target" component. 
The following symbols are used: 
Q - number of components in the rig assembly 
I - number of isotopes in component no. q 
K - number of decay modes of isotope no. i 
J - number of intervals in a-spectrum of decay mode no. k 
A. - length of interval no. j in a p-spectrum (MeV) 
E. - mean energy of a-particles in A. (MeV) 
N, - number of P-particles in A 
- m -
E ^ - binding energy of the last matron in isotop« no. (rH)(lfeV) 
X - probability that protons released in a component will be absorbed 
in the component itself 
n - linear Y-energy absorption coefficient (cm ) 
VH " fraction of (»-energy expelled from the n'th towards me ftb compo-
nent which is not absorbed by intermediate atraetare layers 
d - fraction of p-energy released in the t'th component which is not 
absorbed in the component itself 
Mj - mass of "target" component (g) 
M_ - mass of "emitter" component (g) 
6
 t - geometry factor expressing the probability that a particle from 
the n'tb component will be expelled in the direction of the t'th 
component 
A* - atomic weight of isotope no. i 
^j - thermal-neutron cross section (westcott) of isotope no. i (baml) 
Pf - natural mass abundance of isotope i 
— 2 
ttø - thermal-neutron flux (Westcott) (n/cm s) 
*» - last-neutron flux (n/cm s) 
E 
u - lethargy, defined by u = In -g 
EQ - reference level of the neutron energy E 
a, | - neutron flux per unit lethargy interval 
». . -neutron cross section at lethargy u. 
The total material dose rate in an assembly is the sum of contributions 
(a) through (f), viz. 
(a) Heat from thermal-neutron capture in the components themselves: 
**Ctt * 9-8 5 ' 10"'4*th I 1 l%DiEMXi>W/«' 
q«1 i-1 ^ 
where 
° i - -%*• iw» 
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(b) Hent trom thermal-neutron capture in the other component« of the 
auembly: 
q«l i«l 
(c) Heat from decay in the component« themselve«: 
£ *« K 
»Dtt " » « • " A h II C-*ni 7 W-*J Y (KjE^ J + 
0-1 S i M p i 
(7*) 
(d) Heat from decay in the other components of the assembly: 
Q I j . K J 
(75) 
(e) Heat from fast-neutron elastic scattering: 
8 4 19.32-lO-14«. „u2 
W Sc.e l . • L I U
 ( A t 1 . Z J «W'sc.el.«»>*•)*/«• 
, 1 1 - 1 < V » «,
 m 
(f) Heat from fast-neutron inelastic scattering: 
6WSc. -el. * I I W.3575-10-
14ef J f(«) 0 g c a (u)du) W/g.(77) 
q*1 i-1 
- 1 1 5 -
In practice a number af approximationB ara mada to the thorough cal-
culation proeadara oatUaad above, bacanaa generally tha raaalta are not 
wanted with tMa amount of accuracy. 
A proposal tor a rathar food approximation is that of treating th* rig 
assembly aa a solid cylinder or aphere containing a uniform miztare of the 
masses of the Isotopes present in the rig. Tha relative loss of p-energy 
from a cylinder or sphere with a diameter of more than 3 cm will be neg-
ligible. The self-capture probability of photons released in the rig can be 
found by means of fig. 14 when th* mean linear mass absorption coefficient 
of Ine isotope mixture ia calculated. The seminations on the p-spectra may 
be avoided by nsinf a mean p-energy. 0.3 - 0.5 times the tabulated maximum 
energy (ace. to (15)). 
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APPENDIX 
CALCULATION OF 1-6 CALIBRATION FACTORS 
The temperature conditions in the rod of the 16/7-calorimeter are cal-
culated by means of the known physical constants. Allowance for the heat 
transport through the gas gap is made by dividiiig the rod into five sections, 
each of them having a uniform temperature distribution at the level of the 
mean temperature of the actual rod. 
Introductorily, the temperature distribution along the rod without heat 
loss through the gas gap i s calculated by means of eos. (55). (56). (S»), and 
(60) in subsection 3 .2 .2 . 
Assuming the calibration current i • 0.5 amp, 
the heater resistance r - 3.40 i c n , 
the thermal conductivity of aluminium K» 2.00 W/cm°C, 
2 2 
and the rod cross sections 0.124 cm and 0.122 cm with one and two 
cables respectively, we find 
Position 
z 
(cm) 
0.17 (x^ 
0.20 (Xj) 
1.03 
1.86 
2.69 
3.52 (Xy) 
Temperature 
T 
«°C) 
T o 
TQ-0,0015 
T0-1.278 
T 0 -4 . 934 
T0-10.971 
T0-19.376 
Temperature 
x-dx 
(°C/cm) 
0 
-0.1028 
-
-
- ' 
-
gradients at 
x+dx 
(°C/cm) 
0 
-0.1045 
-
-
-
-
Curve I in fig. A1 i s drawn through the plots of the temperatures cal-
culated above. The curve i s extrapolated in order to estimate the heat sink 
temperature, which i s assumed to be the same as that of the calorimeter 
sheath. 
By means of curve I an estimate of the real temperature distribution 
i s made by iterations, considering the heat loss by conduction through the 
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gas gap (curve II). 
The heat conduction from each rod section through the gas gap is found with 
the equation 
Q . - 2 £ - • AT W/cm. 
and the correction i s introduced in the D-factor (see eq. (60) in subsection 
3 .2 .2 ) 
ri2-Q„ 
0.2125 - 0.250Q_ "C cm 
Rod section 
0 
I 
II 
III 
VI 
Estimated gas 
gap temp, diff 
°C 
19.1 
18.7 
16.4 
11.8 
S.O 
(W/cm) 
0.0905 
0.0881 
0.0776 
0.0435 
0.0237 
D 
(°Ccm) 
0.1899 
0.1S05 
0.1931 
0.2016 
0.2066 
Corr. section border 
temp. 
<°C) 
T o 
To-0.0014 
T -1.147 
T0-4.441 
T -9.882 
T -1 7.65 o 
temp. grad. 
(°/cm) 
0 
-0 . 0930 
-2.668 
-5 .27 
-7.96 
-
The plot of the corrected section border temperatures is shown as 
curve III in fig. A 1 . 
The heat transport by radiation may be calculated with the formula 
T T 
Q - F C « ^ ) 4 - ( ^ / j k c a l / h (ref. a ) . 
where the surface area of the irradiated body i s F cm , the radiation coef-
ficient is C kcal /cm 2 h°K, and T, °K and T 2 °K are the absolute tempera-
tures of the radiating and the irradiated body respectively. 
Considering rod section 1 (see fig. A1) we have 
- t s s -
P • 0 .55«(1 .02+ 0.3) - 2.28 cm 2 . 
With the temperatures T, • 343°K and T 2 « 323°K, and a C • 0.26 
kcal/cm2 • h • °K • 0.302 • 10"4 W/cm2 °K we find 
Q = 0.00204 W. 
which i s negligible, compared with the heat transport by conduction. 
Heat transport by convection i s impossible owing to the small dimen-
sions inside the calorimeter. 
Consequently in this case the only significant heat transport mode is 
conduction, and carve n i constitutes the best prediction of the temperature 
distribution in the rod. 
The calibration factor, as defined in subsection 3 .2 .2 , equation (69), 
is then 
f = - ^ - y - 1M? = 21.0°Ccm/W 
° k • r- r 0.991- 3.40- 0.5* 
k f • 1-10"4(45 + 1 0 . 6 - 2 2 ) • 0.997 (see eq. (67)). 
Similar calculations were carried out lor calorimeters 16/6 and 16/9. 
The results are listed in table 3 . 2 . 4 . 
„4~~!~ 
t 
• J -
1 
I 
J«r 
• I l , 
2nd. gas OOA 
beat toss 
. Estimated W 
Calculated OD S 
... .-jjr.-^£~ 
j r • *• • — 
; 
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APPENDK H 
DECAY HEAT MEASUREMENTS WITH A2S/2 
An experimental verification of the decay heat calculations in sub-
sections 2 .3 . and 2 . 5 . 1 . can be made by measurement of the residual heat 
in the calorimeter sample after quick withdrawal from a measurement in 
the core. 
Also the saturation progress during the first minutes of an in-core 
measurement gives information about the decay heat in the calorimeter 
sample. 
The predominant decay process in the sample i s 
A l M - S i 2 , U , + T 
with a nominal half life of 2.3 minutes. This B - Y -release causes heating 
of the sample which 1 
of equilibrium of Al 
i s calculated in subsection 2 . 5 . 1 . under the assumption 
,28. 
Decay- 8 in the structure 9. S mW/g 
Decay- T in the structure 3.8 -
Decay- 8 in the sample 94.6 -
Decay- y in the sample 6.1 
Total 114.0mW/g 
14 2 
at a neutron flux of 10 n/cm sec. 
Two measurement« have been made: In 4-VGR/2 at CCP ( horizontal 
core centre plane) 26 December 1985, and in 7VI 50 cm above CCP, 
2 January 1968. The measurement procedure was the following: 
The sample was pre-heated electrically by means of the built-in heater 
coil in order to facilitate the operation of the zero- a T-instrumentation 
during the transient at start of the in-pile measurement which lasted 
10 minutes. The calorimeter was then withdrawn into the flask and the re-
sidual heat was measured during another 10 minutes. 
With a position dose rate FDR (see 2 .1 .2 , \ a material dose rate MDRj 
from decay processes at equilibrium, and a material dose rate MDRr 
comprising the remaining part of the material dose rate, the nuclear heating 
at the moment of insertion is 
W0 »PDR + MDRj. (1) 
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During the irradiation the nuclear heating increases according to 
Wj = FDR + MDR r + MDKd ( l - e X t ) , (2) 
where X is the predominant decay constant ( JUi 28 " °-301 sec ' ) 
Immediately before withdrawal the heating is 
W , 0 = PDB + MDR r + M D R d ( l - e " ' 0 1 ) = WQ + 0.96 MDRd (3) 
decreasing after the withdrawal according to 
<«) 
The exponential function on the right-hand side of eq. (4) can be isolated 
in eq. (2) as 
-*
l
 = PDR + MDR r + MDR^ - W 
= — ( W . . - 0 . 0 4 W ) - W . . (5) 
0.96 ' " ° ' 
Thus the plotted resu l t s of W calculated by means of eq,(5) from the 
s
 1 
measured values of W. should merge with those of W , . 
1
 0.96 d 
By extrapolation of the W.-curves we find 
7V1: WQ = 90.1 mW/g; W1Q = 125. 5 mW/g; Wg = 1 2 7 . 0 - W.mW/g 
4VGR/2:WQ = 12.0 - ; VI^Q = 16.4 mW/g; W = 16.6 - Wj mW/g . 
The curves in figure A 2/1 a r e drawn with slopes according to the nom-
inal half life of A1 : 2 .3 minutes. The total in -pile decay heats , read at 
t = 0, a r e listed in table AZ/2 for comparison with the values calculated 
by means of the measured neutron fluxes. 
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Tatd«A2/l 
)(«atiir«n«nt rendte 
Decay 
F H . 
7V1 
4VGR/2 
t 
(MC) 
- 2 
0 
S 
38 
68 
98 
128 
188 
248 
308 
388 
428 
488 
0 
30 
60 
• 0 
120 
ISO 
180 
240 
300 
360 
420 
1 540 
W d 
ItaW/j) 
125.8 
-
34.0 
27.9 
22.7 
21.3 
17.3 
12.2 
9.8 
7.S 
5 .7 
4 .2 
3 .0 
. 
3.95 
3.30 
2.68 
2.28 
1.79 
1.58 
1.25 
0.86 
0.68 
0.56 
0.33 
1 w <l 
&»W/«) 
(125.8) 
35.4 
29.1 
23.6 
22.2 
18.0 
13.4 
10.2 
7.8 
5 .9 
4 .4 
3 .1 
4.11 
3.44 
2.79 
2.37 
1.86 
1.65 
1.30 
0.90 
0.71 
0.56 
0.34 
Saturation 
t 
(««c) 
0 
8 
33 
63 
123 
243 
303 
363 
423 
483 
543 
603 
0 
30 
60 
90 
120 
150 
180 
240 
300 
360 
420 
600 
W l 
(mW/f) 
-
90.6 
95.7 
102.1 
108.5 
117.1 
118.9 
121.1 
»24. P 
123.3 
123.5 
125.4 
. 
12.7 
13.3 
13.9 
14.1 
14.5 
14.8 
15.4 
15.8 
16.1 
16*2 
. . . 4 
s 
W l ) 
»J.4 
31.3 
24.9 
18.5 
9 . 9 
8 .1 
5 .9 
8 . 0 
3 .7 
3 .5 
1.6 
3 .9 
3 .3 
2 .7 
2 . 5 
2 .1 
1.8 
1.2 
0 .8 
0.5 
0 .4 
0 .2 
I 
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Table A2/2 
Material dose rate from decay of activated nuclei 
7V1 
4VGR/2 
Thermal neutron flux 
n/cm s 
0.33 x l o ' 4 
0.04 x 1 0 M 
Decay heat [mW/() 
Calculated Measured 
37.6 
4.6 
36.0 
4.5 
i 
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MA 
loo 
/o 
7V1 
I <o 
ast 
*4W* 
Tb* „far tortte*/"***""!*. 
0/ 
m 
too 
1 4 0 -
APPENDDC III 
EVALUATION OF UNCERTAINTY OF MEASUREMENTS 
1. Adiabatic Calorimeter A25 
The nuclear heat is given by eq. (33) in 3 . 1 . 2 . : 
W = 4.1868 c • dT/dt W/g, 
where the specific heat c i s found by means of eqs. (37) and (45): 
"3-4 
4.1868-Mp I , . 2 + I 3 . 4 Tj -T , 
t 2
"
t
' r - i 2 c a l / ° C g 
The indeterminatenees of the individual figures i s : 
I 
t 
flT 
MP 
r 
i 
dT 
dt 
Size 
~ 5000 °C sec 
~ 400 sec 
- 8°C 
- 8 g 
- 25 0 
~ 0.1 amp 
0.5 °C/sec 
Indeterminateness 
Absolute Relative 
20 ° C £ e c 
2 sec 
0.05 °C 
0.1 mg 
0.01 o 
0 .5mA 
0.003 °C/sec 
0,4% 
0.5% 
0.6% 
0.0% 
0.0% 
0.5% 
0.6% 
Squares (rel .) 
0.1« 
0.25 
0-36 
0.00 
0.00 
a 25 
0,36 
Sum of squares 
Uncertainty of the instrumentation: 
a W =Y 1.38 = - 1 . 2 % . 
In the value of I is Included the Indeterminateness of t and AT 
(=T2-T.), The T-value comprises the instrument and reading indeter-
minateness and the thermocouple calibration uncertainty. 
To this Instrumentation uncertainty a contribution arising from ' 
possible deviations from the adiabatic conditions in the calorimeter must be 
added. 
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The delta temperature between simple and hent shield can be kept below 
0.1 °C up to about 300 m W/g. At higher values of nuclear heat the minimum 
obtainable 4T increases according to the curve shown in fig. A3. 
Characteristic values of the thermal conductivity of the gas gap are: 
C 0 2 at atm. pressure: 25 mW/°C 
Vacuum: 12 mW/°C 
At aT's according to fig. A3 the corresponding errors will be: 
Nuclear heat mW/B* 
T ° C 
Gas gap heat transfer: 
at vacuum (mW) 
with COj (1 atm) (mW) 
Errors: 
at vacuum (%) 
with C0 2 (1 atm) (*) 
10 
0.1 
1.2 
2.5 
1.5 
3.1 
50 
0.1 
1.2 
2.5 
0.3 
0.6 
100 
0.1 
1.2 
2.5 
0.2 
0.3 
300 
0.1 
1.2 
2.5 
0.1 
0.1 
500 
0.3 
3.6 
7.5 
0.1 
0.2 
800 
1.0 
12 
25 
0.2 
0.4 
The sample/can delta temperature i s recorded during each measurement 
in order to control that it is within the limits specified above. Normally the 
error is negligible and it is then included in the measurement uncertainty, 
thus giving the curves of uncertainty shown in fig. A3. 
Below 50 mW/g the gas gap error becomes significant, and corrections 
for the gas gap heat transfer have to be made in each case. This neccessitates 
a thorough calibration of the sample and can thermocouples, as temperatures 
in the range 0.01 C have to be detected. 
In this way the measurement uncertainty can be kept below 1.5% in the 
range 10 - 800 mW/g. 
2. Isothermal Calorimeter 16 
The nuclear heat measured by the isothermal calorimeter is given by eqs. 
(68), (70), and (71) in 3 . 2 . 1 . : 
• > * ' . • » T m W / 8 • 
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where f = — W/g °C 
s
 AVf 
C 
and AT . 
k r i 
r 
The indetenninateness of the individual figures is 
AT 
A 
V 
* 
r 
k r 
k c 
Size 
~ ) 0 ° C 
- 0.1 5 cm 2 
2.70 g /cm 3 
~ 0. 5 amp 
3.4 B 
1.0 
0.85 
Indeterminateness 
Absolute Relative 
0.05 °C 
0. 0025 em 2 
0.02 g/cm 
0.005 amp 
0.05 0 
5-10"4 
0.OO5 
0.5% 
1.7* 
0.7% 
1 0% 
1.5% 
0 . 0 * 
0 . 6 * 
Squares (rel) 
0.25 
2.89 
0.49 
1.00 (x2) 
2.25 
0.00 
0.36 
Sum of squares: 8. 24 
Errors from gas gap heat transfer and deviations in the thermal con-
ductivity of the sample rod are eliminated by the calibration method. 
Thus the resulting measurement uncertainty i s : 
^ 
— f 
li relativ«! 
uni »rto infy 
jfiflijr« ±3. 
4 4— 
. i - . Undartdii intias dt A 
m 
KJ' 
i pn|dT Cot|>rim|n»r| HJO^U »Im r^tt dm 
x.QJna iop lfi[lihs(; 
o- Wacujini pos [gap 
4 u H—-+-
3-
2 - r 
1 - -

ERRATA 
Page 31, Equation (12), last term: 
53, Table 2.5.15, 5th column: 
Change to ^g 
Change (barns) to (grams) 
3.97 - 0.99 
8.357 - 83.565 
5.269 - 1.035 
53, Table 2.5.15. , 7th column: Change 0. 322 to 0. 080 
0.021 - 0. 207 
0.004 - 0.001 
56, Table 2.5.20, 10th column: Change 0.0185 to 0.1 85 
0.0050 - 0.0037 
0.0027 -0.0045 
0.0009 - 0.0025 
0. 0005 - 0.0018 
0. 00005 - 0.0011 
56, Table 2.5.20, 11th column: Change 0.010 to 0.108 
0.003 - 0. 002 
0. 283 - 0. 380 
57. Table 2.5.21, 6th- 8th column: Change 3.468 to 0.317 
0.238 - 0.373 
17.4 - 2 3 . 0 
2.6 - 2.2 
58, Table 2,5.23, 2nd column: Change 9.9 to 8.8 
17.4 - 23.0 
2.6 - 2.2 
142.0 - 146.1 
